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(U)  The  work  was  performed  by  the  Aerojet-General  Corporation, 
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UNaASSIFIED  ABSTRACT 


(U)  An  advanced  transpiration-cooled  thrust  chamber  concept  developed 
by  Aerojet-General  Corporation,  Liquid  Rocket  Operations,  has  been  tested 
extensively  with  both  and  CIF^  as  coolants.  This  concept,  designated 

TRANSPIRE  (Transpiration-Cooled  S^tacked  platelet  faction  Rocket  JEngine)  , 
utilizes  stacked  ultra-thin  (0.001  to  0.020  in.)  platelets  to  form  a  porous 
rocket  engine  combustion  chamber  wall.  Each  platelet  contains  precise  flow 
control  channels  which  meter  the  coolant  flow  to  the  cooled  surface,  and 
prevent  the  formation  and  growth  of  local  hot  spots. 

(U)  This  program  has  demonstrated  the  feasibility  of  the  TRANSPIRE 
concept  using  both  N20^  and  CIF^  as  the  transpiration  coolants.  Three  completely 
transpiration  cooled  chambers  were  fabricated  and  tested.  The  N^O^-cooled 
chamber  used  stainless  steel  platelets  and  was  tested  at  100  lb  and  1000  lb 
thrust  using  N20^/AeroZINE  50*  as  propellants.  The  two  ClF^-cooled  chamber 
used  nickel  platelets  and  were  tested  at  100  lb  thrust  and  1000  lb  thrust  using 
CIF^/MHF-S  as  propellants. 

(U)  A  total  of  121  tests  were  made  with  the  N„0, -cooled  chamber  for  a 

2  4 

cumulative  firing  duration  of  3076.7  seconds.  Ninety-six  tests  were  made  at 
the  100  lb  thrust  level  and  25  tests  at  the  1000  lb  thrust  level.  The  cumula¬ 
tive  firing  duration  for  the  ClF^-cooled  chamber  was  219.2  seconds  with  thirteen 
tests  being  made  at  the  100  lb  thrust  level  and  sixteen  tests  at  the  1000  lb 
thrust  level. 


*50%  UDMK  +  50%  N2H^ 


iii 


UNCLASSIFIED 


UNCLASSIFIED 


AFRPL-TR-67-198 

TABLE  OF  CONTENTS 

Page 

I. 

Introduction 

1 

II. 

Summary 

10 

III. 

Conclusions 

15 

IV. 

Design  and  Fabrication 

18 

•  A.  Injectors 

18 

B.  Uncooled  Chambers 

28 

C.  Cooled  Chambers 

31 

D.  Thermal  Instrumentation 

58 

V. 

Testing 

69 

A.  Facility  and  Procedures 

69 

B.  Injector  Checkout  Testing 

79 

C.  Cooled  Chamber  Flow  Testing 

84 

D.  Cooled  Chamber  Test  Firing 

86 

VI. 

Results 

119 

A.  Injector  Checkout 

119 

B.  Cooled  Chamber  Flow  Testing 

135 

C.  Injector-Chamber  Compatibility 

144 

D.  Heat  Transfer 

159 

E.  Cooled  Chamber  Performance 

178 

VII . 

Scaling 

197 

APPENDICES 

I. 

Heat  Transfer  Model 

II. 

Performance  Model 

III. 

Data 

iv 


UNCLASSIFIED 


UNCLASSIFIED 


AFIlPL-TR-67-198 

LIST  OF  TABLES 


Table  Title  Page 

1  Summary  of  Injector  Types  (U)  26 

2  Phase  I  Nominal  Coolant  Flow  Rates  (Ib/sec)  (U)  35 

3  Phase  II  Nominal  Coolant  Flow  Rates  (U)  53 

4  Location  and  Number  of  Thermocouples  in  Instrumentation  63 

Platelets  (U) 

5  Phase  I  Injector  Checkout  Test  Conditions  (U)  80 

6  Phase  II  Injector  Checkout  Test  Conditions  (U)  82 

7  Summary  of  N  0,-Cooled  Chamber  Test  Conditions  87 

(100  Lb  Thrust)  (U) 

8  Summary  of  N204-Cooled  Chamber  Test  Conditions  90 

(1000  lb  Thrust)  (U) 

9  N^O^-Cooled  Chamber  Final  Test  Condition  (U)  .  96 

10  Summary  of  Phase  I  CIF  -Cooled  Chamber  Test  Conditions  98 

(100  lb  Thrust)  (U) 

11  Sumimury  of  Phase  I  ClF„-Cooled  Chamber  Test  Conditions  98 

(1000  lb  Thrust)  (U) 

12  Phase  I  CIF^-Cooled  Chamber  Final  Test  Conditions  (U)  109 

13  Summary  of  Phase  II  Cooled  Chamber  Test  Conditions  (U)  111 

14  Phase  II  CIF^-Cooled  Chamber  Final  Test  Conditions  (U)  118 

15  Injector  Test  Performance  Summary  (U)  120 

16  Performance  Loss  Summary  for  Uncooled  Chamber  122 

Injector  Tests  (U) 

17  N„0, /AeroZINE  50  Injector  Performance  (U)  123 

2  4 

18  CIF^/MHF-S  Injector  Performance  (U)  130 

19  Cooled  Chamber  Performance  Summary  (0)  179 

20  N^O^-Cooled  Chamber  Performance  (100  lb  Thrust)  (U)  180 

21  N^O, -Cooled  Chamber  Performance  (1000  lb  Thrust)  (U)  181 

2  4 

22  ClF,^-Cooled  Chamber  32L*  Performance  (100  lb  Thrust)  (U)  186 

23  ClFo-Cooled  Chamber  25L*  Chamber  Performance  (1000  lb  186 

(1000  lb  Thrust)  (U) 

24  Effect  of  Injector  0/F  on  Performance  (U)  195 

25  Cooled  Chamber  Final  Test  Conditions  (U)  198 


UNCLASSIFIED 


UNCLASSiFIED 


AFRPL-TR-6 7-198 
FIGURE  LIST 

Figure  No.  Title  Page 

1  TRANSPIRE  Cooling  Concept  2 

2  Coolant  Flow  Control  System  5 

3  Phase  I  Injector  Design  19 

4  HIPERTHIN  Platelet  Orientation  21 

3  Injector  Fabrication  Sequence  22 

6  Phase  II  Injectors  24 

7  Injector  Patterns  (U)  25 

8  Injector  Water  Flow  Pattern  Check  (U)  28 

9  Uncooled  Chamber  Assembly  30 

10  Phase  I  Cooled  Chamber  Assembly  33 

11  Axial  Coolant  Distribution  (U)  36 

12  Temperature  Distribution  in  Throat  Platelets, 

100  psia  (U)  36 

13  Cooled  Chamber  Platelets  (U)  41 

14  Assembly  of  Nickel  Platelets  Prior  to  Machining  47 

Thrust  Chamber  Contour  (U) 

15  Cooled  Chamber  Surface  49 

16  Convergent  Section  of  Stainless  Steel  Chamber  50 

After  Machining  and  Electropolish 

17  Phase  I  Cooled  Chambers  After  Final  Assembly  52 

18  Phase  II  Cooled  Chamber  Assembly  55 

19  Instrumentation  Platelet  Concept  59 

20  Instrumentation  Platelet  Assembly  (U)  61 

21  Location  of  Instrumentation  Platelets  in  62 

Phase  I  Chamber 

22  Thermocouple  Locations  Relative  to  Phase  I 
Injector  Patterns  (U) 

23  Thermocouple  Locations  Relative  to  Phase  I  CIF^  65 

Injector  Patterns  (U) 

24  Locations  of  Thermocouples  in  Phase  II  Chamber  (U)  67 

25  CIF^  Test  Facility  70 

26  N20^/A-50  Feed  System  Diagram  71 

27  CIF2/MHF-3  Feed  System  Diagram  72 

vi 


UNCLASSIFIED 


UNCLASSIFIED 


AFRPL-TR-67-198 

FIGURE  LIbr  (cont.) 

Figure  No.  Title  Page 

28  N„0,- Cooled  CLiamber  on  Test  Stand  /3 

2  4 

29  Research  Physics  Laboratory  Instrumentation  and  76 

Data  Processing  Systems 

30  Dimensional  Parameters  for  Vortex  Injector  Tests  83 

31  Throat  Temperature  Transients  During  Startup  (U)  92 

32  Chamber  Thermal  Characteristics  (U)  94 

33  Phase  I  CIF^-Cooled  Chamber  After  95  Sec  of  Tasting  100 

34  Transient  Data  From  Final  100  psia  CIF  -Cooled  101 

Chamber  Test  (U) 

35  CIF^-Cooled  Chamber  After  Final  Phase  I  Test  105 

36  Platelets  From  Damaged  CIF^-Cooled  Chamber  106 

Showing  Plugging  (U) 

37  Temperature  Transients  for  Final  Phase  I  ClF„-Cooled  107 
Chamber  Test  (U) 

38  Phase  II  Cooled  Chamber  After  Test  1K-5B-110  112 

39  Phase  II  Coclcu  Chamber  Erosion  114 

40  Ablative  Chamber  After  Final  1000  psia  N^O,  125 

Injector  Checkout  Test 

41  Thrust  Vs.  Chamber  Pressure,  Final  1000  psia  126 

N„0,  Injector  Checkout  Test  (U) 
i  4 

42  Calculated  Throat  Area  History,  Final  1000  psia  128 

Injector  Checkout  Test  (U) 

43  Performance  History,  Final  1000  psia  NO,  Injector  129 

Checkout  Test  (U) 

44  ClF^/MHF-l  Ablative  Chamber  After  Phase  I  Testing  132 

45  Hydraulic  Characteristics  of  N^O^-Cooled  Chamber  (U)  136 

46  Hydraulic  Characteristics  of  Phase  I  ClF„-Cooled  137 

Chamber  (U)  ^ 

47  Deviation  From  Laminar  Flow  Pressure  Drop  140 

48  Hydraulic  Characteristics  of  Phase  II  CIF  -Cooled  142 

Chamber  (U) 

49  Heat  Marks  on  Interior  of  N„0, -Cooled  Chamber  After  145 

Testing 

50  Injector  and  Interior  of  N„0, -Cooled  Chamber  After  146 

100  psia  Testing  (U) 

vii 


UNCLASSIFIED 


UNCLASSIFIED 


AFRPL-TR-67-198 

FIGURE  LIST  (cont.) 

Figure  No. 

Title 

Page 

51 

Interior  of  N^O.-Cooled  Chamber  After  1000  psia 
Testing  (U) 

148 

52 

Ablative  Liner  Sections  After  Testing  (U) 

149 

53 

Comparison  of  Compatibility  Model  with  Spray 

Pattern  on  Face  of  100  psia  N^O^  Injector  (U) 

151 

54 

Compatibility  Model  of  49-Element  Phase  II 

Injector  (U) 

154 

55 

Ablative  Liner  After  Testing  with  Vertex  Injector 

155 

56 

Phase  II  Cooled  Chamber  After  Firing 

157 

57 

Section  II  Steady-State  Wall  Temperatures, 

N20^/A-50,  100  psia  (U) 

164 

58 

Section  I  and  III  Steady-State  Wall  Temperatures, 
N^O^/A-bO,  100  psia  (U) 

166 

59 

Section  II  Steady-State  Wall  Temperatures, 

ClF^/MHF-d,  100  psia  (U) 

169 

60 

Steady-State  Wall  Temperatures,  Phase  II  (U) 

175 

61 

Effect  of  N20^  Coolant  Flow  Rate  on  Performance  (U) 

183 

62 

Effect  of  N2O,  Coolant  Final  Temperature  on 
Performance  (u) 

187 

63 

Effect  of  CIF^  Coolant  Flow  Rate  on  Performance  (U) 

188 

64 

Effect  of  Chamber  Water  Leak  on  Performance  (U) 

190 

65 

Performance  Loss  Due  to  Coolant  (U) 

194 

66 

Performance  Degradation  Due  to  Coolant  (U) 

196 

viii 


UNCLASSIFIED 


UNCLASSIFIED 


AIRPL-TR-6 7-198 

NOMENCLATURE 


A 

\ 

A-50 

B 

CA 

C* 

s 

C 

P 

CRES 

EDM 

F 


G 


I 

sp 

sp,C 

k 

K 

m 

a. 

1 

L 


L* 

MMH 

0/F 

(0/F)^ 

(0/F)^ 

P 

c 


P 

P 


=  h^/GC^t 
-  Throat  area 


=  AeroZINE  50  (50  wt  %  IIDMH  +  50  wt  %  N^H^) 


=  ChrcjELel-Alumel 

=  Characteristic  exhaust  velocity 
=  Thrust  coefficient 
=  Specific  heat  (coolant) 

=  Corrosion  REsistant  ^teel  (Stainless  Steel) 

=  Electrical  Discharge  Machining 
=  Thrust 

=  Coolant  weight  flow  rate  per  unit  of  cooled  wall  surface  area 

=  Gaseous  nitrogen 

=  Gravitational  constant 

=  Gas-side  film  coefficient 

-  Platelet-coolant  film  coefficient 

=  Specific  impulse 

=  Specific  impulse  of  core 

=  Flow  proportionality  constant 

=  Platelet  (metal)  conductivity 

=  Length  of  platelet  primary  metering  groove 

=  Distance  from  coolant  inlet  (in  thermal  influence  zone)  to 
chamber  surface 

=  Chamber  characteristic  length 
=  Mono  Methyl  Hydrazine 

=  Mixture  ratio  (oxidizer  flow  rate  divided  by  fuel  flow  rate) 

=  Injector  mixture  ratio 
=  Total  mixture  ratio 
=  Chamber  pressure 
=  Platelet  gas-side  pressure 
=  Plenum  pressure 


ix 


UNCLASSIFIED 


UNCLASSIFIED 


AFRPL-TR-67-198 


P/N 

AP 


R 

S/N 

T 

"c 

T 

c 

m 

1 

c,o 

T 

g 

T 

w 

TC 

t 

UDMi 

"c 

w 


w 


w 


C,1 

c,S 


w 


•  • 

W  ttt” 

c,IV 


X 

e 

ER 


NOMENCLATURE  (cant.) 

Part  number 
Pressure  differential 


A/2  + 


V 


+  B 


Serial  number 

Platelet  temperature  at  X 

Core  temperature 

Coolant  temperature 

Coolant  inlet  temperature 

Gas  temperature 

Wall  surface  temperature 

Thermocouple 

Platelet  thickness 

IJnsymmetrical  MMethyl  Hydrazine 

Injector  (core)  flow  rate 

Coolant  flow  rate 

Platelet  coolant  flow  rate 

Coolant  flow  rate  in  a  chamber  Section 

Coolant  flow  rate  in  chamber  sections  I,  II,  III  and  IV, 
respective ly 

Nominal  (design)  coolant  flow  rate 

Total  flow  rate  (w  +  w„) 
c  c 

Distance  from  coolant  inlet  (in  thermal  influence  zone) 
Ratio  of  local  area  to  throat  area 
Energy  release  efficiency 


X 


UNCLASSIFIED 


UNCLASSIFIED 


AFRPL-TR-67-198 
NOMENCLATURE  (cont.) 

SUBSCRIPTS 

1  =  Condition  1 

2  =  Condition  2 

E  =  Experimental  (measured) 

N  =  Nominal  (calculated  or  design  value) 


xi 


UNCLASSIFIED 


UNCLASSIFIED 


AFRPL-TR-67-198 


I .  INTRODUCTION 


(U)  This  report  presents  the  results  of  Phase  I  and  Phase  II  of 
Contract  AF  04(811)-10922  which  was  conducted  by  Aerojet-General  Corporation 
for  the  Air  Force  Rocket  Propulsion  Laboratory.  The  work  being  reported 
was  started  1  September  1965.  The  purpose  of  Phase  I  of  this  contract  was 
to  e\aluate  the  feasibility  of  the  TRANSPIRE  (Transpiration-Cooled  ^tacked 
platelet  Injection  Rocket  ^ngine)  concept  for  transpiration  cooling  of  liquid 
rocket  engines  using  ^2©^  and  CIF^  as  coolants.  The  purpose  of  Phase  II 
of  this  contract  was  minimization  of  CIF^  coolant  requirements  by  improving 
the  injector  design  to  eliminate  streaking,  by  using  a  shorter  L*  chamber, 
and  by  reducing  wall  roughness . 

(U)  With  the  TRANSPIRE  concept  the  rocket  engine  chamber  and  nozzle  is 
constructed  by  stacking  together  a  large  number  of  very  thin  metal  platelets. 
These  platelets  contain  channels  in  their  surfaces  which  form  coolant  flow 
passages  in  the  assembled  stack.  The  passages  bring  coolant  from  a  common 
supply  manifold  on  the  exterior  of  the  stack  to  the  heated  surface.  An 
artist's  concept  of  a  rocket  engine  employing  the  TPANSPIRE  concept  is  shown 
in  Figure  1.  The  basic  method  of  operation  of  the  TRANSPIRE  system  is  shown 
in  the  detailed  blowup  of  the  stacked  platelet  wail.  Heat  from  the  hot 
combustion  gases  is  transferred  into  the  edge  of  the  platelets.  This  heat  is 
then  conducted  a  short  distance  into  the  wall  and  is  picked  up  by  the  counter 
flowing  coolant  as  it  passes  between  the  platelets.  After  the  coolant  has 
passed  through  the  wall  it  is  dumped  into  the  hot  gas  boundary  layer  where 
it  supplies  additional  cooling  by  suppressing  the  boundary  layer  temperature 
and,  in  effect,  acting  as  a  film  coolant. 

(U)  The  use  of  stacked  platelets  to  form  a  transpiration-film  cooled 
rocket  engine  is  not  a  new  concept.  The  basic  idea  was  suggested  as  early 
as  1948  by  Professor  M.  Zucrow  of  Purdue  University  who,  at  that  time,  was 
acting  as  a  consultant  to  a  group  at  Ohio  State  University.  Zucrow  proposed 
that  a  chamber  and  nozzle  be  constructed  using  stacked  washers,  and  that 
hydrogen  be  introduced  between  the  washers  as  coolant, The  concept  was 
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I,  Introduction  (cont.) 

applied  to  a  LO2/LH2  rocket  engine  being  developed  under  government  contract. 

Two  units  were  constructed,  one  using  copper  washers  and  the  other  using 
washers  of  stainless  steel.  The  stainless  steel  unit  was  tested  unsuccessfully. 
Work  on  the  stacked  washer  concept  was  dropped  with  the  development  of  a 
successful  regenerative  cooling  system  for  the  LO2/LH2  engine. 

(U)  The  stacked  washer  cooling  system  was  employed  by  Pratt  and 
Whitney  Aircraft  Corp.  in  1962  for  use  in  their  cryogenic  engine  work.  The 
most  significant  changes  by  Pratt  and  Whitney  relative  to  the  Ohio  State 
designs  were  in  the  area  of  improved  coolant  flow  control.  The  Pratt  and 
Whitney  design  has  been  operated  successfully  at  high  pressures  with  LO2/LH2 
propellants . 

(U)  The  Aerojet  TRANSPIRE  Concept,  which  originated  in  early  1965, 
represents  a  substantial  departure  from  earlier  stacked  washer  cooling  systems 
in  two  key  areas:  washer  thickness  and  coolant  flow  control.  Each  of  these 
areas  will  be  discussed  briefly. 

(U)  The  platelets  used  in  the  TRANSPIRE  system  are  0.001  to  0.020  inches 
thick,  which  is  one  to  two  orders  of  magnitude  thinner  than  the  washers  used  in 
earlier  systems.  There  are  two  distinct  advantages  inherent  in  the  use  of  the 
thin  platelets. 

(U)  The  first  advantage  is  that  low  conductivity  materials  can  be  used 
in  place  of  high  conductivity  materials  with  no  increase  in  the  coolant  flow 
requirements.  This  statement  is  best  understood  by  noting  that  the  platelet 
wall  behaves  much  like  a  heat  exchanger  (see  Figure  1).  The  effective 
platelet- to-coolant  heat  transfer  area  depends  on  the  platelet  thickness  and 
on  the  depth  the  heat  penetrates  into  the  wall  as  determined  by  the  thermal 
conductivity  of  the  platelet  material.  The  platelet  thickness  for  a  given 
wall  material  is  optimized  when  the  platelet-to-coolant  heat  transfer  area 
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I,  Introduction  (cont.) 

Is  sufficient  to  utilize  the  heat  capacity  of  the  coolant  as  fully  as  is  practi¬ 
cal.  Thus,  an  optimum  design  can  be  achieved  with  low  conductivity  materials 
by  using  thinner  platelets  to  maintain  the  same  platelet-to-coolant  heat  transfer 
area  that  would  be  obtained  with  thicker  platelets  of  higher  conductivity 
material.  Because  of  the  high  thermal  resistance  of  the  coolant  film,  and 
because  of  the  change  in  conduction  length  with  platelet  thermal  conductivity 
the  overall  heat  transfer  coefficient  of  the  platelet-coolant  system  is  not 
strongly  affected  by  the  conductivity  of  the  platelet  material. 

(U)  Since  the  thin  ..elets  permit  the  use  of  low  conductivity  mate¬ 
rials  the  platelet  material  used  in  a  TRANSPIRE  system  can  be  selected  on  the 
basis  of  compatibility  with  the  propellants.  Thus,  the  use  of  and  CIF^ 

as  coolants,  with  their  high  endothermic  heats  of  dissociation,  is  feasible. 
Moreover,  high  temperature,  high  strength  platelet  materials  can  be  used  to 
materially  reduce  both  the  coolant  requirements  and  the  system  weight.  High 
conductivity  platelet  materials  frequently  require  walls  that  are  much  thicker 
than  dictated  by  stress  considerations  in  order  to  prevent  heat  penetration  to 
the  flow  iTietering  portion  of  the  wall. 

(U)  The  second  advantage  inherent  in  the  use  of  thin  platelets  is  that 
the  coolant  has  a  high  film  cooling  effectiveness  after  it  leaves  the  wall. 

The  large  number  of  low  velocity  coolant  streams  issuing  from  the  cooled 
surface  produces  a  much  more  stable  coolant  fjlrn  and  less  mixing  of  the  coolant 
film  and  freestream  than  is  encountered  with  a  smaller  number  of  larger,  higher 
velocity  streams. 

(U)  The  second  unique  feature  of  the  Aerojet  concept  is  its  coolant 
flow  control  system.  The  layout  of  this  system  and  its  operation  will  be 
explained  with  the  aid  of  Figure  2.  The  coolant  flow  control  system  is  composed 
of  four  different  elements;  primary  metering  grooves,  distribution  plenum, 
secondary  metering  grooves,  and  thermal  influence  zones.  The  coolant  enters 
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I,  Introduction  (cont-) 

the  platelets  from  the  coolant  supply  manifold  by  way  of  the  primary  metering 
grooves.  These  grooves  constitute  about  90X  of  the  hydraulic  resistance  in 
the  platelet,  and  control  the  amount  of  coolant  flowing  to  the  platelet.  From 
the  metering  grooves  the  coolant  flows  into  the  distribution  plenum,  a  low 
pressure  drop  channel  that  serves  to  distribute  the  coolant  uniformly  around 
the  platelet.  On  leaving  the  distribution  plenum  the  coolant  enters  the_ 
secondary  metering  grooves.  The  secondary  metering  grooves  provide  a 
pressure  drop  on  the  order  ol  10%  of  that  of  the  primary  grooves.  Each  of 
these  grooves  empties  into  a  separate  thermal  influence  zone  —  a  region  of 
very  low  pressure  drop  and  low  velocity  —  where  the  coolant  picks  up  the 
heat  from  the  platelet. 

(U)  The  TRANSPIRE  coolant  flow  control  system  is  designed  to  solve  a 
problem  which  has  plagued  most  conventional  transpiration  cooling  systems  - 
hot  spot  instability.  With  normal  porous  materials  a  hot  spot  tends  to  grow 
in  size  and  severity  since  its  hydraulic  resistance  increases  with 
temperature,  thus  causing  the  coolant  to  bypass  the  overheated  area.  This 
is  avoided  in  TRANSPIRE  by  the  combination  of  the  secondary  metering  groove 
and  the  therma]  influence  zone.  These  two  regions  together  form  a  series 
hydraulic  circuit  containing  a  constant  high  resistance  (secondary  metering 
groove)  and  a  thermally  influenced  low  resistance  (thermal  influence)  zone. 
Regardless  of  how  the  flow  resistance  in  the  thermal  influence  zone  varies 
due  to  the  local  surface  heat  flux,  the  flow  of  coolant  to  the  zone  remains 
virtually  unchanged,.  Although  a  hot  spot  may  exist  it  continues  to  receive 
coolant  and  does  not  increase  in  size  or  intensity. 

(U)  It  would  appear  that  a  large  number  of  different  platelets  would  be 
required  to  properly  match  the  flow  resistance  of  the  individual  platelets 
to  the  flow  requirements  and  internal  pressure  contour.  This  difficulty  has 
been  overcome  by  a  design  featui  e  vjhich  makes  it  possible  to  obtain  a  wide 
range  of  hydraulic  resistances  from  a  pair  of  platelets.  This  feature,  called 
clocking,  is  explained  with  the  aid  of  Figure  2. 
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I,  Introduction  (cont.) 

(U)  In  the  TRANSPIRE  system  a  functional  unit  consists  of  a  0.010  to 
0.020  in.  thick  distribution  platelet  and  a  0.001  in.  thick  metering  platelet. 

The  coolant  flow  metering  passages  are  the  areas  formed  by  the  through-etched 
portion  of  the  metering  platelet  when  it  is  placed  between  the  face  of  a  dis¬ 
tribution  platelet  and  the  unetched  back  of  the  previous  distribution  platelet 
in  the  stack.  A  platelet  pair  is  shown  in  tv?o  orientations  in  Figure  2.  One 
position  (Figure  2a)  produces  a  primary  metering  groove  of  one  length.  In  the 
second  position  the  length  of  the  primary  metering  groove  is  a  different  length 
(Figure  2b).  Thus,  the  hydraulic  resistance  of  each  metering-distribution 
platelet  pair  can  be  varied  by  the  orientation  of  the  platelets  relative  to 
each  other  (clocking) . 

(U)  The  index  holes  in  the  distribution  platelet  are  used  to  determine 
the  clocking  of  each  distribution  platelet  relative  to  the  next  metering  platelet 
in  the  stack.  The  accumulator  (see  Figure  2)  was  designed  in  connection  with 
the  spacing  between  the  index  holes  so  that  the  secondary  metering  channel  can 
not  be  terminated  on  an  unetched  portion  of  the  distribution  platelet.  Two  of 
the  three  possible  positions  of  the  secondary  metering  groove  relative  to  the 
accumulator  are  shown  in  Figure  2.  The  coolant  outlet  from  this  accumulator 
was  designed  to  provide  a  uniform  distribution  of  the  coolant  across  the  width 
of  the  thermal  influence  zone. 

(U)  The  technical  objective  of  the  program  described  in  this  report  was 
the  demonstration  of  the  TR/.NSPIRE  cooling  concept  by  means  of  -i  small  scale 
thrust  chamber  test  program.  The  program  is  divided  int ^  two  phases.  This 
report  is  the  final  report  and  covers  both  Phase  I  and  Phase  II. 

(U)  The  Phase  I  demonstration  of  the  cooling  concept  involved  design, 
fabrication,  testing,  and  analytical  model  development.  The  specific 
objectives  of  Phase  I  were; 
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I,  Introduction  (cont.) 

(U)  1.  Design  and  fabricate  small  thrust  chambers  incorporating  the 

TRANSPIRE  cooling  concept 

(C)  2.  Test  fi“e  the  chambers  under  the  following  conditions 

a.  Chamber  pressure  -  100  and  1000  psia 

b.  Thrust  -  100  lb  (@  100  psia)  and  1000  lb  (@  1000  psia) 

c.  Propellants  -  N^O^/AeroZINE  50*  and  CIF^/WHF-S** 

(U)  3.  Instrument  the  chamber  tc  permit  acquisition  of  heat  transfer 

data 


(U)  4.  Predict  temperature  profiles  in  the  thrust  chamber  and  predict 

performance  loss 

(H)  5.  Project  scaling  factors  to  permit  application  of  the  concept 

to  other  thrust  levels 


(U)  In  order  to  ensure  that  the  cooling  concept  is  tested  under  a 
severe  thermal  environment  a  goal  of  the  program  was  an  injector  efficiency 
of  94%C*. 


(U)  The  objectives  of  Phase  II  were  further  demonstration  of  CIF^ 
cooling  at  1000  psia  chamber  pressure  and  1000  lb  thrust  and  elimination  of 
the  heat  streaking  problem  which  prevented  coolant  flow  minimization  in  Phase  I. 
The  specific  ■'  liCtives  of  Phase  II  were*. 


(U)  *50  wt%  N.H,  +  50  wt%  UDMH 

2  4 

(C)  **36  wt%  MMH  +  14  wt% 

2  4 
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I,  Introduction  (cont.) 

(U)  1.  Det&onstrate  transpiration  cooling  with  CIF^  as  a  coolant  at 

1000  lb  thrust,  1000  psla  chamber  pressure. 

(U)  2.  Determine  the  minimum  coolant  flow  ratas  required  with 

CIF^/MHF-S  propellants 

a.  Reduce  chamber  length 

b.  Mitigate  the  hot  streaks  on  the  chamber  11  by 

(1)  Utilization  of  an  Injector  designed  for  compatibility 
with  an  oxidizer  transpiration  cooled  chamber. 

(2)  Elimination  of  wall  surface  roughness. 

(U)  As  in  Phase  I  of  the  program  thermal  Instrumentation  was  used  in 
the  chamber  to  acquire  heat  transfer  data  and  an  Injector  efficiency  of  94%C* 
was  a  goal  of  the  Injector  design. 
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II.  SU7A-1ARY 

A.  PHASE  1 

(U)  Two  32L*  TRANSPIRE  chambers  were  designed,  fabricated,  and 

tested  in  Phase  I;  an  N„0, -cooled  stainless  steel  chamber  and  a  ClF--cooled 

2  4  3 

nickel  chamber.  The  two  units  are  identical  in  size  and  very  similar  in  design, 
with  the  main  emphasis  on  flexibility,  and  not  the  optimization  of  weight  and 
volume.  Both  chambers  were  tested  at  100  lb  thrust,  100  psia  chamber  pressure 
and  at  1000  lb  thrust,  1000  psia  chamber  pressure. 

(C)  Seven  injectors  were  designed  and  fabricated  for  use  with  the 
Phase  I  cooled  chambers.  Three  of  the  injectors  VJere  designated  as  back-up 
injectors,  four  were  used  for  test'ng.  Three  of  the  four  injectors  used  for 
testing  met  the  goal  of  94%C*  while  the  fourth,  the  100  lb  thrust  CIF^  Injector, 
had  a  C*  that  was  86.0%  of  theoretical  (mean  of  4  tests).  Injector  performance 
was  evaluated  using  uncooled  ablative-lined  chambers  that  had  the  same  inside 
contour  as  the  cooled  chambers. 

(U)  Specially  constructed  instrumented  platelets  were  installed  in 
the  Phase  I  cooled  chambers  for  the  purpose  of  measuring  platelet  surface  tempera¬ 
ture  and  temperature  profiles  within  the  platelet  wall.  The  N^O^-cooled  chamber 
contained  40  thermocouples  and  the  CiF^-cooled  chamber  contained  36  thermo¬ 
couples  . 


(U)  Prior  to  testing,  both  the  N^O^-cooled  chamber  and  the  CIF^- 

cooled  chamber  were  flow  tested  to  verify  the  platelet  hydraulic  design. 

The  stainless  steel  chamber  was  flowed  with  N„0,  as  the  calibration  fluid 

2  4 

while  the  nickel  chamber  was  flowed  with  trichlorethylene.  The  calculated 
hydraulic  characteristics  agreed  well  with  the  flow  test  results. 
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II,  A,  Phase  I  (cont.) 

(U)  The  following  is  a  summary  of  the  Phase  I  N^O^-cooled  chamber 
test  firing  program: 

100  psia  Chamber  Pressur  100  lb  Thrust 
96  tests 

2516.0  sec  cumulative  firing  duration 

Two  400  sec  steady-state  duration  tests 

Two  duty  cycle  tests  each  containing  eight  restarts 
and  a  cumulative  firing  duration  of  400  sec 

1000  psia  Chamber  Pressure,  1000  lb  Thrust 

25  tests 

560.7  sec  cumulative  firing  duration 

Two  100  sec  steady-state  duration  tests 

One  duty  cycle  test  containing  three  restarts 
and  a  cumulative  firing  duration  of  80  sec 

(C)  The  total  firing  time  on  the  N20^-cooled  chamber  was  approxi- 
raatelv  3077  sec;  139  restarts  were  made  with  the  chamber.  The  maximum  transient 
wall  temperature  was  1685°?.  The  maximum  steadj-state  wall  temperature 
was  1650°F.  The  chamber  was  in  excellent  condition  at  the  conclusion  of 
the  testing  and,  although  heat  marked,  showed  no  erosion.  The  hydraulic 
characteristics  of  this  unit  were  essentially  unchanged  after  3077  seconds 
of  firing  time,  thus  indicating  an  absence  of  flow  passage  plugging  by  propel¬ 
lant  impurities. 

(U)  Thirteen  tests  were  conducted  with  the  ClF^-cooled  chamber  at 
100  lb  thrust.  The  cumulative  firing  duration  on  the  chamber  at  the  conclusion 
of  the  low  thrust  testing  was  190  sec  and  the  longest  duration  test  was  78  sec. 
Four  short  duration  tests  were  made  with  the  ClF^-cooled  chamber  at  1000  ib 
thrust.  A  leak  into  the  chamber  from  a  flange  cooling  water  circuit  produced 
NiF2’4(H20)  salts  which  plugged  sections  of  the  porous  wall,  resulting  in 
severe  erosion  on  the  final  Phase  I  test. 
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II,  A,  Phase  I  (cont.) 

(U)  Surface  temperature  readings  as  well  as  post-fire  examination 
of  the  chambers  indicated  the  presence  of  injector-induced  hot  streaks  in  both 
Phase  I  chambers.  These  streaks,  comprising  10%  to  20%  of  the  chamber  surface, 
in  some  cases  resulted  in  temperatures  up  to  1000°?  hotter  than  neighboring  areas. 
Because  of  this  streaking  it  was  not  possible  to  optimize  the  coolant  flow  rates. 
Compatibility  models  which  account  for  the  injector  dynamic  forces  and  for  the 
reactr-'en  spray  overlap  patterns  of  the  elements  correlate  well  with  the  markings 
observed  in  both  the  ablative  and  cooled  chambers.  The  ability  of  the  chamber 
to  operate  successfully  with  temperature  differences  oi  this  magnitude,  and  the 
fact  that  the  streaks  remained  narrow  and  well-defined,  indicates  that  the 
flow-control  features  of  the  design  operated  properly  and  precluded  the  hot 
spot  instability  problem  inherent  in  other  "porous"  wall  transpiration-cooled 
designs. 


(U)  In  sections  of  the  chamber  where  streaking  was  not  severe  the 
agreement  between  the  predicted  thermal  characteristics  and  the  experimental 
results  was  good.  The  TRANSPIRE  system  operated  as  designed.  The  performance 
model  correlates  well  with  the  100  psia  CIF^  and  ^2^4  Correlation  of 

the  Phase  I  1000  psia  N20^  data,  although  possible,  is  not  as  straightforward 
because  silica  buildup  on  the  nozzle  during  baseline  performance  evaluation 
with  the  ablative  chambers  produced  a  geometry  that  was  different  from  the 
geometry  of  the  cooled  chamber, 

(U)  The  results  of  the  Phase  I  test  program  provided  valuable 
information  on  the  general  applicability  of  the  TRANSPIRE  concept.  Although 
the  heat  transfer  results  were  masked  somewhat  by  the  injector  streaking  there 
was  substantial  verification  of  the  thermal  model  at  both  the  100  psia  and 
1000  psia  levels  with  N^O^  coolant  and  with  stainless  steel  platelets  and  at 
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II,  A,  Phase  I  (cont.) 

the  100  psia  level  with  CIF^  coolant  and  nickel  platelets.  Since  the  thermal 
model  relates  such  basic  quantities  as  coolant  flow  rate,  coolant  properties, 
platelet  material  and  thickness j  and  freestreem  conditions  to  the  chamber 
surface  temperature,  the  application  of  the  concept  to  conditions  other  than 
those  tested  is  relatively  straightforward.  In  scaling,  the  freestream  condi¬ 
tions  are  scaled  in  the  same  manner  as  is  done  with  any  conventional  cooling 
system.  The  beha'^ior  of  the  TRANSPIRE  cooled  surface  would  be  calculated 
following  the  procedures  described  in  Section  IV. 

B.  PHASE  II 

(U)  The  ClF^-cooled  nickel  chamber  used  in  Phase  II  employed  the 
same  platelet  design  and  chamber  contour  as  the  Phase  I  chambers,  except  that 
the  chamber  characteristic  length  (L*)  was  25  in.  instead  of  32  in.  The 
cylindrical  section  of  the  Phase  II  chamber  was  1.75  in.  shorter  than  that  of 
the  Phase  I  chambers. 

(U)  The  instrumentation  platelets  used  in  the  Phase  II  chamber 
were  similar  to  those  used  in  the  Phase  I  chamber.  The  ClF^-cooled  Phase  II 
chamber  contained  23  thermocouples.  The  hydraulic  characteristics  of  the 
chamber  were  determined  from  the  CIF^  flow-pressure  drop  data  that  are  obtained 
during  the  oxidizer  coolant  lead  time  that  preceded  each  test  firing. 

(C)  Three  injectors  were  designed  for  use  with  the  Phase  II  cooled 
chamber;  two  injectors  were  fabricated.  The  primary  consideration  in  the 
selection  of  the  Phase  II  injector  designs  was  compatibility  of  the  injector 
with  the  oxidizer  transpiration  cooled  chamber.  The  base  line  performance  of 
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II,  B,  Phase  II  (cont.) 

the  injector  used  for  the  cooled  chamber  testing  was  obtained  with  25  L* 
ablative- lined  chambe'-r;  the  C*  of  this  injector  was  93.4%  of  theoretical  which 
compares  favorably  with  the  program  goal  of  94%C*. 

(C)  Twelve  tests  were  conducted  with  the  Phase  II  ClF^-cooled 
chamber  at  1000  lb  thrust,  1000  psia  pressure.  The  cumulative  firing  duration 
on  the  chamber  was  21.88  seconds  and  the  longest  test  duration  was  8.86  seconds. 
The  maximum  steady-state  wall  surface  temperature  was  1596®F.  Injector  induced 
streaking  in  the  convergent  area  of  the  chamber  was  eliminated  and  the  heat 
streaks  in  the  chamber  cylindrical  section  were  drastically  reduced. 

(U)  One-half  of  the  divergent  section  of  the  nozzle  was  eroded  on 
the  last  test  of  the  ClF^-cooled  chamber.  The  chamber  failed  because  of 
attachment  of  the  exhaust  plume  to  the  platelet  aft  retainer  which  produced  a 
high  local  heat  load,  and  because  flashing  of  coolant  within  the  chamber  wall 
coupled  with  a  marginal  coolant  lead  time  resulted  in  the  platelets  in  the 
nozzle  not  being  filled  with  coolant  at  the  inception  of  firing.  Erosion 
resulted  when  the  uncooled  platelets  overheated.  The  rest  of  the  chamber 
was  in  excellent  condition. 

(U)  The  Phase  II  test  results  demonstrated  the  feasibility  of  CIF^ 
transpiration  cooling  at  1000  psia  chamber  pressure.  The  heat  transfer  data 
indicated  that  the  concept  operated  as  designed.  The  substantial  reduction  in 
chamber  streaking  indicated  the  importance  of  obtaining  a  smooth  wall  surface 
and  of  designing  the  injector  for  compatibility  with  the  chamber.  The 
performance  model  correlated  well  with  the  1000  psia  Phase  II  CIF^  data. 
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III.  CONCLUSIONS 

(U)  The  conclusions  presented  in  the  paragraphs  that  follow  are  based 
on  the  design,  fabrication  and  test  experience  that  was  obtained  over  a  20  month 
period  with  three  oxidizer  transpiration  cooled  TRANSPIRE  chambers. 

(U)  The  feasibility  of  transpiration  cooling  using  the  TRANSPIRE  concept 
was  demonstrated  by  3295.9  seconds  of  test  firing  in  150  tests  that  included 
multiple  restart  duty  cycles. 

(U)  The  use  of  oxidizers  as  transpiration  coolants  was  demonstrated 
with  the  ultra- thin  TRANSPIRE  platelet  design.  Both  N20^  and  CIF^  were  used 
to  cool  TRANSPIRE  chambers  at  100  lb  thrust,  100  psia  and  1000  lb  thrust, 

1000  psia  operating  conditions. 

(U)  The  TRANSPIRE  concept  functioned  as  designed.  The  agreement 
between  the  predicted  and  actual  hydraulic  chaiucteristics  of  the  chamber 
indicates  that  '..he  flow  metering  aspects  of  the  TRANSPIRE  platelets  functioned 
as  designed.  The  successful  operation  of  the  Phase  I  chambers  with  severe 
injector  induced  heat  streaks  indicates  that  the  flow  control  features  of  the 
TRANSPIRE  concept  prevented  hot-spot  instability. 

(U)  No  difficulties  were  encountered  in  the  fabrication  of  the  small 
scale  TRANSPIRE  experimental  chambers.  There  are  no  complicated  fabrication 
processes  that  preclude  applicability  of  the  concept.  Since  the  thermal- 
hydraulic  design  of  the  chamber  can  be  adapted  to  any  material  that  can  be 
fabricated  into  platelets  the  materials  of  construction  can  be  selected  for 
compatibility  with  the  propellants. 

(U)  Plugging,  which  was  envisioned  as  a  potential  problem  because  of 
the  small  coolant  passageways  on  the  ultra- thin  platelets,  can  be  prevented. 

A  cumulative  firing  duration  of  3076.7  seconds  was  obtained  on  a  single  chamber 
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III,  Conclusions  (cont.) 

with  no  change  in  the  hydraulic  characteristics  of  the  chamber.  A  small  filter 
in  the  coolant  feed  circuit  was  not  changed  or  flushed  during  the  3076.7 
seconds  of  testing.  The  key  to  prevention  of  the  plugging  was  to  start  with  a 
clean  oxidizer  feed  system  and  then  filter  the  oxidizer  during  fill  of  the  run 
tank. 


(U)  The  most  important  factor  in  the  minimization  of  the  coolant  flow 
requirements  is  the  compatibility  of  the  injector  with  the  oxidizer  cooled 
chamber  wall.  Impingement  of  fuel  rich  zones  and  of  injector  element  spray- 
fans  on  the  chamber  wall  produces  heat  streaks.  Adequate  cooling  of  these 
zones  produces  overcooling  in  adjacent  low  heat  flux  areas.  The  Phase  II 
injector  was  designed  for  compatibility  with  the  chamber;  for  comparable 
surface  temperatures  the  throat  section  of  the  Phase  II  nickel  chamber  was 
operated  at  half  the  coolant  flow  rate  required  for  that  section  of  the  Phase  I 
nickel  chamber. 

(U)  Two  other  factors  to  be  considered  in  the  minimization  of  the 
coolant  flow  requirements  are  the  surface  roughness  of  the  chamber  wall  and  the 
materials  of  construction.  Platelets  that  protruded  into  the  gas  stream  from 
the  surface  of  the  wall  acted  as  boundary  layer  trips  and  induced  heat  streaks 
or  aggravated  existing  heat  streaks.  The  effect  of  heat  streaking  is  mitigated 
by  the  use  of  high  conductivity  materials.  The  Phase  I  nickel  chamber  showed 
less  susceptibility  to  heat  streaking  than  the  Phase  I  stainless  steel  chamber 
because  the  nickel  chamber  had  a  smoother  wall  and  because  of  the  higher  thermal 
conductivity  of  the  nickel. 

(U)  The  TRANSPIRE  platelet  is  quite  amenable  to  thermal  analysis.  The 
biggest  unknown  is  the  thermal  properties  of  the  oxidizer  coolants  at  elevated 
tem.peratures .  Both  the  performance  and  heat  transfer  models,  developed  for 
this  program,  correlate  the  data  reasonably  well. 
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III,  Conclusions  (cont.) 

(U)  The  thermal  instrumentation  developed  for  this  program  was  highly 
successful.  The  placement  of  thermocouples  within  the  platelets  permitted 
temperatures  to  be  measured  on  the  surface  of  the  chamber  wall  at  the  desired 
axial  and  circumferential  locations.  Accurate  determination  of  the  temperature 
profile  in  the  wall  using  subsurface  thermocouples  was  not  successful. 

(U)  Nickel  material  is  recommended  for  compatibility  with  CIF^  on  the 
basis  of  data  found  in  die  literature  and  from  test  experience.  Nickel 
injector  bodies  were  used  for  all  the  CIF^  injectors  except  for  one  which  had 
a  stainless  steel  body.  Injector  face  erosion  and  bell  mouthing  of  the  MHP-3 
fuel  orifices  occurred  with  the  stainless  steel  body  but  did  not  occur  with 
nickel  injector  bodies. 

(U)  Welds  are  particularly  susceptible  to  attack  by  CIF^  especially 
when  subjected  to  mechanical  deflection  and  thermal  expansion.  This  fact 
coupled  with  the  fact  that  the  interhalogens  react  violently  with  water 
complicates  the  use  of  water  coolant  circuits  with  CIF^  and  other  interhalogen 
propellants.  The  water  coolant  circuit  leakage  problem  that  hampered  Phase  I 
testing  and  ultimately  led  to  the  failure  of  the  Phase  I  ClF^-cooled  chamber 
was  precluded  in  Phase  II  by  elimination  of  the  water  coolant  circuits. 

(C)  Although  1200‘’F  was  used  as  the  design  value  for  the  nickel  chamber 
wall  on  the  basis  of  compatibility  data  in  the  literature  for  fluorine,  opera¬ 
tion  at  higher  temperatures  for  limited  duration  is  feasible.  The  Phase  II 
ClF^-cooled  chamber  was  operated  for  about  eight  seconds  with  surface  tempera¬ 
tures  in  one  location  that  were  as  high  as  1596°F. 
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IV.  DESIGN  AND  FABRICATION 

A.  INJECTORS 

I.  Design 

(U)  It  was  an  objective  of  this  contract  tn  design  injectors 
that  would  meet  or  exceed  94%  of  theoretical  C*  performance  in  order  to  provide 
a  thermal  environment  that  would  permit  a  realistic  evaluation  of  the  feasi¬ 
bility  and  capabilities  of  the  cooling  concept. 

(U)  Seven  injectors  were  designed  for  Phase  I  of  this  program. 
Three  were  designed  to  operate  at  100  psla  chamber  pressure  and  100  lb  thrust; 
two  of  these  were  designated  for  CIF^/MHF-O  operation  and  the  third  for  N^O^/ 
AeroZINE  50  operation.  The  remaining  four  injectors  were  designed  for  opera¬ 
tion  at  1000  psia  chamber  pressure  and  1000  lb  thrust;  two  for  CIF^/MHF-S 
operation  and  two  for  N^O^ /AeroZINE  50  operation. 

(U)  Figure  3  shows  the  general  configuration  of  the  Phase  I 
injector  designs.  Each  injector  assembly  consists  of  a  flange,  injector  body, 
and  oxidizer  cap.  The  flange  and  oxidizer  cap  are  made  of  347  stainless  steel 
and  are  identical  for  all  injectors.  The  injector  bodies  are  made  of 
347  stainless  steel  for  the  N20^  injectors  and,  except  for  the  S/N  1  injector, 
of  nickel  for  the  CIF^  injectors.  Except  for  the  material,  propellant  feed 
manifolding,  and  pattern,  the  injector  components  are  identical.  Each  of  the 
injectors  has  a  supplementary  water  coolant  circuit.  The  supplemental  coolant 
circuit  was  added  as  a  precautionary  measure  to  prevent  oxidizer  boiling  during 
long  duration  runs.  In  the  backup  design  the  water  coolant  circuit  was  used 
to  provide  face  cooling.  The  locations  of  the  water  coolant  circuits  are 
shown  in  Figure  3. 
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Figure  3-  Fnase  I  Injector  Design 
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IV,  A,  Injectors  (cont.) 

(U)  The  triplet  element  was  selected  as  the  basic  element 
for  all  of  the  Phase  I  injector  patterns  based  on  the  experience  gained  on  a 
number  of  Aerojet  company-sponsored  programs. 

(U)  Three  injectors  were  designed  for  Phase  II  of  this 
program  to  minimi.i.e  the  chamber  streaking  problem  experienced  in  Phase  I  test¬ 
ing  with  the  conventional  21  element  triplet  1000  lb  thrust:  injectors.  They 
consisted  of  a  HIPEPTKIN  injector,  a  vortex  injector  and  a  49-element  conven¬ 
tional  injector.  These  injectors  were  designed  to  operate  at  1000  psia  chamber 
pressure  and  lOUO  lb  thrust  with  CIF^/MIIF-S  as  propellants. 

(U)  The  HIPERTHIN  injector  was  selected  on  the  basis  of 
performance  and  compatibility  (uniform  propellant  distribution  across  the 
face).  The  HIPERTHIN  injector,  like  the  TRANSPIRE  chamber,  is  made  from  thin 
platelets  that  (unlike  TRANSPIRE)  are  brazed  together  to  form  an  integral  leak- 
tight  unit.  The  HIPERTHIN  design  used  in  this  program  employed  three  platelet 
designs;  0,006  in.  thick  spacer  platelets,  0.0015  in.  thick  fuel  metering 
platelets,  and  0.0015  in.  thick  oxidizer  metering  platelets.  The  method  of 
stacking  the  platelets  to  form  the  propellant  circuits  is  shown  in  Figure  4. 
After  assembly  with  two  end  plates,  through  which  the  oxidizer  is  introduced, 
the  platelets  are  furnace  brazed.  Copper  flashing  on  the  platelets  is  the 
braze  alloy.  As  shown  in  Figure  5  the  brazed  assembly  is  then  machined  and 
a  flange  and  fuel  cap  are  brazed  to  the  assembly.  The  final  operation  is 
machining  the  excess  structural  material  off  the  face  of  the  injector  (at  the 
location  shown  in  Figure  4)  and  electropolish  to  open  the  flow  passages. 

(U)  The  HIPERTHIN  injector  was  designed  with  narrov/  ring  of 
oxidizer  at  the  outer  periphery  of  the  injector  face  for  improveid  compatibility 
with  the  transpiration  cooled  chamber.  The  injector  platelet  material  was 
specified  as  Nickel  270  for  compatibility  with  CIF^.  The  use  of  nickel 
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MANIFOLD  INSTALLED 


Figure  5.  Injector  Fabrication  Sequence 
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IV,  A,  Injectors  (cont.) 

material  presented  a  brazing  problem  since  all  Aerojet  brazing  experience  has 
been  with  injectors  made  of  CRES  347  material.  A  experimental  braze  study  was 
conducted  to  resolve  this  problem.  Small  nickel  samples  were  brazed  to  deter¬ 
mine  the  braze  cycle,  braze  temperature  and  copper  plating  thickness  (braze 
alloy)  that  gave  a  good  bond  without  blocking  the  propellant  passages  due  to 
the  flow  of  braze  alloy. 

(U)  Figure  6  shows  the  Phase  II  vortex  injector  and 
49-element  injector  designs.  The  vortex  injector  was  designed  with  radial 
fuel  orifices  in  the  central  hub  of  the  injector  and  with  tangential  oxidizer 
orifices  on  the  outer  periphery  of  the  Injector  for  compatibility  with  the 
oxidizer  transpiration  cooled  chamber.  The  injector  consists  of  a  flange,  a 
fuel  manifold  assembly,  a  retainer  assembly  and  a  spacer.  The  spacer  thickness 
can  be  varied  to  adjust  the  axial  position  of  the  fuel  orifices  relative  to 
the  oxidizer  orifices  for  performance  optimization.  A  water  coolant  circuit 
was  added  to  the  fuel  manifold  assembly  to  circumvent  cooling  problems 
during  long  duration  firings. 

(U)  The  49-element  injector  is  a  cross-drilled  injector  and 
unlike  the  Phase  I  injectors  does  not  have  a  water  cooling  circuit.  The 
injector  pattern  consists  of  a  central  matrix  of  37  (FOF)  tangential  fan  trip¬ 
lets,  4  (OFO)  folded  triplets*,  and  8  unlike  doublets  (see  Figure  7).  The 
injector  was  designed  using  Phase  I  experience  to  obtain  good  compatibility 
while  maintaining  good  performance.  The  increased  number  of  elements  improves 
the  mass  distribution  and  propellant  dispersion  to  minimize  streaking  in  the 
convergent  and  throat  areas  that  was  experienced  in  Phase  I  testing  with  the 
21-element  triplet  injector. 


*  The  orifices  of  a  folded  triplet  element  are  not  in  line,  but  form  a 
triangle. 
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Figure  6.  Phase  II  Injectors  (u) 
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CIFj  /MHF-3  NjO^/A.roZlNE  50  &  CIF^  /MHF-3 


Figure  7.  Injector  Patterns  (u) 
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IV,  A,  Injectors  (cont.) 

(U)  The  materials  selected  for  the  Phase  II  injectors  con¬ 
sisted  of  Nickel  200  for  the  components  exposed  to  the  combustion  products  of 
CIF^/MHF-S  and  304  L  stainless  for  the  remainder  of  the  component  parts. 

(U)  A  summary  of  the  different  types  of  injectors  designed 
in  Phase  I  and  Phase  II  is  given  in  Table  1.  The  con-'/entional  Injector 
patterns  are  shown  in  Figure  7. 


(U)  TABLE  1 

SUMMARY  OF  INJECTOR  TYPES  (U) 

Chamber  Location  of  Injector 


P/N  , 

S/N 

Element 

Design 

Propellant 

Pressure 

(psia) 

Cooling 

Circuit 

Body 

Material 

1122315-9 

1 

6  Triplets 

CIF2/MHF-3 

100 

At  oxidizer 
plenum 

CRES  347 

1122315-9 

2 

6  Triplets 

N.0,/A-50 

2  4 

100 

At  oxidizer 
plenum 

CRES  347 

1122315-19 

3 

16  Triplets, 
5  Pentads 

N20^/A-50 

1000 

At  oxidizer 
plenum 

CRES  347 

1122315-29 

4 

21  Triplets 

ClF,/MHF-3 

1000 

At  oxidizer 
plenum 

Nickel 

1122315-39 

6 

6  Triplets 

N20^/A-50 

1000 

At  face 

CRES  347 

1122315-49 

7 

6  Triplets 

ClF^/MHF-3 

1000 

At  face 

Nickel 

1122315-59 

5 

6  Triplets 

ClF^/MHF-3 

100 

At  oxidizer 
plenum 

Nickel 

1130922-29 

8 

Vortex 

CIF2/MHF-3 

1000 

At  face 

Nickel 

1132431-1 

9 

41  Triplets 

8  Doublets 

ClF^/MHF-3 

1000 

None 

Nickel 

1131610-1  : 

10 

HIPERTHIN 

ClF^/MHF-l 

1000 

None 

Nickel 
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IV,  A,  Injectors  (cont.) 

2.  Fabrication 


(U)  Seven  injectors  were  fabricated  during  Phase  I  of  this 
program.  Two  -9  injectors  (See  Table  1)  and  one  each  of  the  -19,  -29,  -39, 

-49  and  -59  injectors  were  assembled.  The  -59  injector  was  fabricated  to 
replace  the  -9  injector  S/N  1  because  of  bell-mouthing  of  the  injector  fuel 
orifices  coupled  with  poor  performance  during  ClF^/MHF-3  injector  checkout 
testing.  Poor  injector  element  impingement  was  thought  to  have  contributed 
to  the  low  performance  of  the  injector,  therefore,  no  injector  pattern  change 
was  made.  The  -59  injector  was  identical  to  the  -9  injector  except  that  the 
body  of  the  injector  vras  made  of  A-200  nickel  instead  of  CRES  347.  Hydroflow 
pictures  of  the  100  lb  thrust  -9  and  the  1000  lb  thrust  -19  N20^/AeroZINE  50 
injectors  are  given  in  Figure  8,  Pressure  drop  -  flow  measurements  made  during 
hydrotest  indicated  that  all  the  injectors  used  in  this  program  were  operating 
as  designed  with  no  internal  blockage  or  obstructions. 

(U)  Two  injectors,  a  vortex  injector  and  a  49-element  con¬ 
ventional  injector,  were  fabricated  during  Phase  II  of  this  program.  (See 
Table  1.)  Fabrication  of  a  third  injector,  a  HIPERTHIN  injector,  was  initi¬ 
ated  but  was  later  terminated  due  to  a  nonrepairable  intermanifold  leak  between 
the  oxidizer  plenum  and  fuel  metering  channels  (see  Figure  4) .  Failure  to 
attain  a  good  braze  joint  resulted  because  of  distortion  of  the  nickel  material 
at  high  temperatures.  The  1000  lb  U.rust  21-element  triplet  injector  S/N  4 
that  was  used  in  Phase  I  of  the  program  was  modified  to  be  used  as  a  backup 
injector.  The  modification  consisted  of  welding  and  machining  a  lip  seal  ring 
on  the  injector  to  mate  with  the  Phase  II  ablative  and  cooled  chamber  housings. 
No  modification  was  made  to  the  pattern. 
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1000  PSIA  INJECTOR,  S/N  3 


Figure  8.  Injector  V/ater  Flow  Pattern  Check  (u) 
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IV,  Design  and  Fabrication  (cont.) 

B.  UNCOOLED  CHAMBERS 

1.  Phase  I 


(U)  Two  uncooled  ablative  lined  combustion  chambers  were 
designed  in  Phase  I  to  check  injector  performance  and  compatibility,  one  for 
use  with  N20^/AeroZINE  50  and  one  for  use  with  CIF^/MHF-S.  Both  units  were 
designed  for  operation  at  a  chamber  pressure  of  1000  psia  and  1000  lb  thrust, 
or  ICO  psia  chamber  pressure  and  100  lb  thrust. 

(U)  The  injector-chamber  interface  as  well  as  the  chamber 
inside  contour  of  the  uncooled  chambers  were  made  identical  to  that  of  the 
cooled  chambers.  This  made  it  possible  to  obtain  base  line  injector  performance 
data  that  could  be  used  to  evaluate  the  performance  of  the  cooled  combustion 
chambers.  The  uncooled  chamber  design  is  shown  in  Figure  9. 

(U)  The  ablative  liner  material  for  each  of  the  two  chambers 
was  selected  on  the  basis  of  compatibility  of  the  liner  material  with  the 
combustion  gases.  A  carbon-filled  phenyl  aldehvde  graphite  fabric  was  selected 
for  the  ClF^/MHF-j  chamber.  The  ablative  material  employed  in  the  N20^/ 

AeroZINE  50  chamber  was  a  modified  phenolic  high  char  resin  system  reinforced 
with  high-silica  fabric. 

LU)  Two  uncooled  chambers  were  fabricated  in  Phase  I  along 
with  one  spare  chamber  ablative  insert,  one  spare  throat  section,  and  two 
spare  throat  ablative  inserts  for  each  chamber.  One  chamber  was  built  for 
each  propellant  combination.  No  fabrication  problems  were  experienced. 

Figure  9  shows  the  uncooled  chamber  components. 
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UNCOOLED  CHAMBER  COMPONENTS 

Figure  9-  Uncooled  Chamber  Assembly 
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IV,  B,  Uncool«d  Chamber*  (cone.) 

2.  Phase  II 


(U)  The  spare  CIF^  ablative  liners  and  the  uncooled  chamber 
components  that  were  residual  from  Phase  I  were  used  to  fabricate  the  25L* 
ablative  lined  combustion  chamber  that  was  used  for  checkout  testing  of  the 
Phase  II  Injectors.  The  Phase  I  uncooled  chamber  design  was  changed  to  reduce 
the  overall  length  of  the  chamber  assembly  to  obtain  a  25L*  chamber,  to  add 
a  chamber  pressure  tap  to  the  throat  section  of  the  chamber  and  to  change 
the  Injector-chamber  seal  from  a  crush  type  seal  to  the  0-rlng  lip  type  seal 
that  was  used  In  Phase  II. 

(U)  One  uncooled  combustion  chamber  forward  flange,  two- 
cyllndrlcal  ablative  liner  Inserts  and  two  assembled  throat  sections  from 
Phase  I  of  this  program  were  modified  to  conform  to  the  design  requirements 
for  the  Phase  II  uncooled  ablative  lined  combustion  chamber.  The  ablative 
liners  that  were  used  were  designed  for  use  with  CIF^/MHF-S  at  1000  psla 
chamber  pressure  and  1000  lb  thrust. 
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C.  COOLED  CHAMBERS 

1.  Phase  I 


(U)  In  Phase  I  of  this  program  two  transpiration  cooled 
chambers  were  designed  and  fabricated,  one  with  nickel  platelets  for  use 
with  the  CIF^/MHF-S  propellant  combination  and  the  other  with  347  stainless 
steel  for  use  with  N20^/AeroZINE  50.  Both  units  were  designed  to  operate 
at  nominally  100  lb  thrust  with  a  100  psia  chamber  pressure,  and  1000  lb 
thrust  with  1000  psia  chamber  pressure.  These  two  units  were  essentially 
identical  except  for  variations  resulting  from  different  coolant  flow  rate 
requirements  and  the  substitution  of  nickel  for  stainless  steel  in  some  of 
the  ClF^-cooled  chamber  components.  Because  of  this  similarity  these  two 
units  will  be  discussed  jointly.  The  approach  taken  will  be  to  first  briefly 
present  and  describe  the  entire  cooled  chamber  assembly.  This  will  be  followed 
by  a  detailed  description  of  the  design  of  the  more  important  component  parts. 

(U)  The  transpiration  cooled  chamber  shown  in  Figure  10 
consists  of  an  inner  chamber  wall  composed  of  stacked  ultra  thin  platelets, 
an  outer  housing  to  form  an  external  manifold  to  the  platelet  stack,  three 
seal-divider  rings  to  divide  the  wall  of  stacked  platelets  into  four  axial 
hydraulic  sections,  and  two  rods  to  locate  and  index  the  platelets  within 
the  chamber.  In  addition  there  are  four  Teflon  0-rings  which  form  an  inter¬ 
manifold  seal  between  chamber  sections  and  the  external  seal  at  the  chamber 
housing,  an  aft  platelet  retainer  to  serve  as  a  platelet  loading  ram  and 
seal  hub  for  the  external  housing  seal,  a  gasket  to  make  the  chamber-injector 
seal,  the  Injector,  and  twelve  3/8  inch  diameter  rods  with  nuts  and  washers 
to  load  the  platelets  axially  through  the  aft  platelet  retainer. 
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IV,  C,  Cooled  Chamber  (cont.) 

(U)  The  oxidizer  coolant  is  fed  to  the  chamber  through  four 
openings  in  the  chamber  outer  housing.  Four  plenums  are  provided  so  that 
the  coolant  flow  rate  to  each  chamber  section  can  be  independently  controlled. 
The  coolant  then  passes  through  the  porous  chamber  wail  and  enters  the  hot 
gas  boundary  layer,  cooling  the  wall  as  it  passes  through. 

(U)  The  cooled  chamber  assembly  can  be  assembled  indepen¬ 
dently  of  the  injector  to  facilitate  handling  and  test  stand  installation 
and  removal. 

a.  Chamber  Platelets 

(U)  In  this  section  the  design  and  fabrication  aspects 
of  the  chamber  platelets  will  be  discussed  in  general  terms.  Specific  design 
equations  and  their  derivations  are  given  in  Appendix  I.  The  platelet  fabri¬ 
cation  method  and  problems  will  be  presented. 

(U)  The  first  step  in  the  design  of  the  platelets 

was  the  establishment  of  the  thermal  environment.  Gas-side  film  coefficients 

were  calculated  using  the  results  of  the  Aerojet  Chemical  Composition  Computer 

Program  (Prog.  No.  166)  coupled  with  the  method  of  calculating  film  coefficients 

(2) 

given  by  Bartz  .  To  account  for  nonuniform  combustion  and  eddying  the 

predicted  film  coefficients  were  multiplied  by  a  factor  which  varied  from 

2.0  at  the  injector  to  1.0  at  the  throat.  No  provision  could  be  made  at 

this  time  for  potential  circumferential  heat  flux  variations  due  to  the  injector 

pattern. 

(U)  Film  coefficients  and  calculated  recovery 
temperatures  were  then  used  in  conjunction  with  the  equations  given  in 
Appendix  I  to  design  the  individual  platelets  and  establish  the  coolant  flow 
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IV,  C,  Cooled  Chambers  (cont.) 

requirements.  Design  surface  temperatures  on  the  platelets  were  set  at  1200° F 
on  the  Ni  for  the  ClF3-cooled  chamber  and  1500°F  on  the  stainless  steel  for 
the  N204-cc'oled  chamber.  These  values  were  selected  primarily  on  the  basis 
of  the  available  propellant  compatibility  information. 

(U)  The  nominal  flow  rates,  given  in  Table  2, 
are  the  design  flow  rates  obtained  using  the  procedure  described  above.  The 
hydraulic  resistance  of  the  individual  platelets  were  set  to  supply  these 
nominal  values  when  the  coolant  plenum  pressures  were  1125  psia  at  Pj.  =  1000 
psia  and  116  psia  at  =  100  psia.  The  axial  coolant  flow  distribution  of 
the  ClF3-cooled  chamber  at  1000  psia  is  shown  in  Figure  11.  Both  the  nominal 
flow  values  (mass  velocities)  and  the  actual  flow  values  that  were  obtained 
by  clocking  the  platelet  pairs  are  shown  in  the  figure. 

(C)  TABLE  2 

PHASE  I  NOMINAL  COOLANT  FLOW  RATES  (lb /sec)  (U) 


N2O4 

CIF3 

Chamber 

100  lb 

1000  lb 

100  lb 

1000  lb 

Section 

Thrust 

Thrust 

Thrust 

Thrust 

I 

0.0353 

0.289 

0.057 

0.480 

II 

0.0342 

0.280 

0.0553 

0.466 

III 

0.0077 

0.092 

0.0125 

0.105 

IV 

0.0050 

0.078 

0.0081 

0.0682 

Total 

0.0822 

0.739 

0.1329 

1.1192 
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Figure  11.  Axial  Coolant  Distribution  (u) 
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Figure  12.  Temperature  Distribution  in  Throat  Platelets 

100  psia  (u) 
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IV,  C,  Cooled  Chambers  (cont.) 

(U)  From  the  injector  to  an  area  ratio  of  2.5  in  the 
convergent  section  of  the  chamber,  0.020  in.  thick  distribution  platelets  were 
used.  From  an  area  ratio  of  2.5  in  the  convergent  section  of  the  chamber  to 
the  end  of  the  nozzle  (e  =  1.6),  0.010  in.  thick  distribution  platelets  were 
used.  As  discussed  in  Appendix  I  the  computerized  heat  transfer  model 
calculates  the  temperature  profile  in  the  platelet  as  part  of  the  computational 
procedure.  The  temperature  profiles  at  the  100  psia  design  conditions  are 
shown  in  Figure  12  for  the  0.010  in.  thick  nickel  and  stainless  steel  platelets 
in  the  throat. 


(U)  The  use  of  both  0.010-in.  thick  and  0.020-in.  thick 
platelets  in  the  design  was  based  on  several  considerations.  First,  the  ttat 
transfer  analysis  showed  that  in  the  low  flux  regions  of  the  chamber  the  0.020 
in.  thick  platelets  could  operate  almost  as  effectively  as  the  0.010  in.  thick 
platelets.  Using  0.020  in.  thick  platelets  in  the  chamber  section  substan¬ 
tially  reduced  the  total  number  of  platelets  required  without  compromising  the 
cooling  effectiveness. 


(U)  A  second  reason  for  the  use  of  both  0.020-in.  thick 
and  0.010-in.  thick  platelets  is  that  having  platelets  of  different  thicknesses 
in  adjoining  sections  of  the  nozzle  allowed  the  effect  of  platelet  thickness 
on  cooling  behavior  to  be  evaluated  experimentally.  Since  platelet  thickness 
is  a  key  parameter  in  the  determination  of  unit  costs  some  experimental  veri¬ 
fication  of  this  phase  of  the  analytical  model  was  considered  to  be  desirable. 

(U)  A  final  reason  for  the  inclusion  of  the  0.020-in. 
platelets  is  that  the  instrumented  platelets  are  also  approximately  0.020  in. 
thick.  Any  uncertainty  which  may  arise  in  attempting  to  relate  the  tempera¬ 
tures  measured  in  the  instrumented  platelets  to  those  of  its  neighbors  would 
be  minimized  since  in  at  least  a  portion  of  the  chamber  t!.e  instrumented  and 
noninstrumentod  platelets  would  be  almost  identical . 
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Figure  11.  Axial  Coolant  Distribution  (u) 


Figure  12.  Temperature  Distribution  in  Throat  Platelets 

100  psia  (u) 
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IV,  C,  Cooled  Chambers  (cont.) 

(U)  From  the  injector  to  an  area  ratio  of  2.5  in  the 
convergent  section  of  the  chamber,  0.020  in.  thick  distribution  platelets  were 
used.  From  an  area  ratio  of  2.5  in  the  convergent  section  of  the  chamber  to 
the  end  of  the  nozzle  (e  =  1.6),  0.010  in.  thick  distribution  platelets  were 
used.  As  discussed  in  Appendix  I  the  computerized  heat  transfer  model 
calculates  the  temperature  profile  in  the  platelet  as  part  of  the  computational 
procedure.  The  temperature  profiles  at  the  100  psia  design  conditions  are 
shown  in  Figure  12  for  the  0.010  in.  thick  nickel  and  stainless  steel  platelets 
in  the  throat. 


(U)  The  use  of  both  0.010-in.  thick  and  0.020-in.  thick 
platelets  in  the  design  was  based  on  several  considerations.  First,  the  heat 
transfer  analysis  showed  that  in  the  low  flux  regions  of  the  chamber  the  0.020 
in.  thick  platelets  could  operate  almost  as  effectively  as  the  0.010  in.  thick 
platelets.  Using  0.020  in.  thick  platelets  in  the  chamber  section  substan¬ 
tially  reduced  the  total  number  of  platelets  required  without  compromising  the 
cooling  effectiveness. 


(U)  A  second  reason  for  the  use  of  both  0.020-in.  thick 
and  0.010-in.  thick  platelets  is  that  having  platelets  of  different  thicknesses 
in  adjoining  sections  of  the  nozzle  allowed  the  effect  of  platelet  thickness 
on  cooling  behavior  to  be  evaluated  experimentally.  Since  platelet  thickness 
is  a  key  parameter  in  the  determination  of  unit  costs  some  experimental  veri¬ 
fication  of  this  phase  of  the  analytical  model  was  considered  to  be  desirable. 

(U)  A  final  reason  for  the  inclusion  of  the  0.020-in. 
platelets  is  that  the  instrumented  platelets  are  also  approximately  0.020  in. 
thick.  Any  uncertainty  which  may  arise  in  attempting  to  relate  the  tempera¬ 
tures  measured  in  the  instrumented  platelets  to  those  of  its  neighbo?:s  would 
be  minimized  since  ;.n  at  least  a  portion  of  the  chamber  the  instrumented  and 
noninstrumented  platelets  would  be  almost  identical. 
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IV,  C,  Cooled  Chambers  (cont.) 

(U)  Once  the  platelet  thicknesses  and  coolant  flow 
rates  had  been  ?.stablished  the  actual  layout  of  the  hydraulic  network  on  the 
individual  platelets  was  performed.  The  basic  approach  to  the  platelet 
hydraulics  will  be  explained  with  reference  to  Figure  2  (Section  I).  As  can 
be  seen  from  this  figure  each  platelet  has  four  basic  hydraulic  elements: 
primary  metering  grooves,  a  distribution  plenum,  secondary  metering  grooves, 
and  thermal  influence  zones.  The  coolant  enters  the  platelet  through  the 
primary  metering  grooves.  These  grooves  comprise  roughly  90«  of  the  hydrau¬ 
lic  resistance  on  the  individual  platelets  and  their  length  and  dimensions 
control  the  coolant  flow  to  the  platelet.  The  entrance  to  the  primary  metering 
grooves  is  made  somewhat  wider  than  the  groove  itself  to  give  the  system  a 
built-in  filter.  Any  dirt  or  particles  present  in  the  coolant  which  cannot 
pass  through  the  primary  metering  grooves  will  lodge  at  the  groove  inlet. 

Since  the  area  of  the  inlet  is  much  larger  than  the  area  of  the  groove  it  can 
accumulate  a  substantial  amount  of  dirt  without  producing  a  flow  restriction. 

(U)  From  the  primary  metering  grooves  the  coolant 
passes  into  the  distribution  plenum.  This  plenum  is  a  low  resistance  flow 
path  that  serves  to  evenly  distribute  the  coolant  around  the  platelet. 

(U)  The  coolant  next  passes  from  the  distribution  plenum 
into  the  secondary  metering  groove.  The  secondary  metering  groove  is  a  rela¬ 
tively  high  resistance  flow  passage  which  has  approximately  10%  of  the  overall 
pressure  drop  occurring  in  it.  From  the  secondary  metering  groove  the  coolant 
enters  into  the  thermal  influence  zone,  which  is  a  low  flow  resistance  channel 
extending  to  the  chamber  surface.  The  heat  transfer  between  the  coolant  and 
platelet  occurs  in  the  thermal  influence  zone. 

(U)  It  is  the  combination  of  the  secondary  metering 
grooves  and  the  thermal  influence  zone  which  gives  the  design  its  resistance 
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IV,  C,  Cooled  Chambers  (cont.) 

to  hot  spot  instability.  In  essence  they  comprise  a  series  hydraulic  circuit 
with  a  high  resistanc.-'  clement  (secondary  metering  groove)  which  is  independent 
of  local  heat  flux  conditions,  and  a  low  resistance  element  (thermal  influence 
zone)  which  absorbs  the  local  surface  heat  flux.  With  this  system,  if  the 
local  temperature  increases  and  the  flow  resistance  in  the  thermal  Influence 
zone  increases  the  overall  resistance  of  the  circuit  remains  essentially 
unchanged.  Thus  the  coolant  flow  to  the  surface  is  uncoupled  from  the  surface 
heat  flux  and  the  primary  cause  of  hot  spot  instability  is  avoided. 

(U)  The  platelets  employing  this  hydraulic  system  were 
constrnrfed  using  a  composite  design  in  which  each  hydraulic  unit  is  composed 
of  a  thick  (0.010  -  0.020  in.)  distribution  platelet  and  a  thin  (0.001  in.) 
metering  platelet  placed  together  to  form  a  single  functional  unit  (See 
Figure  2,  Section  I).  In  the  platelet  pair  concept  noncritical  flow  areas 
such  as  the  thermal  influence  zone,  manifolds  and  plenums  are  formed  by 
etching  the  thick  distribution  platelet  using  conventional  photoetching 
techniques.  However,  the  critical  flow  areas  such  as  the  primary  and  secon¬ 
dary  coolant  metering  channels  are  formed  by  etching  passages  completely  through 
the  thin  metering  platelet.  With  this  design  approach  the  depth  of  the  critical 
flow  control  passages  is  no  longer  dependent  on  the  etch  process  but  is  only  a 
function  of  the  thickness  and  uniformity  of  the  original  sheet  stock  from  which 
the  metering  platelets  are  made.  The  thickness  of  the  sheet  stock  can  be  more 
precisely  controlled  than  depth  of  etch  and  can  be  measured  before  fabrication 
of  the  platelets.  Since  laminar  flow  varies  as  the  cube  of  the  channel  depth 
and  since  the  channels  are  0.001  inch  deep  tolerances  are  critical.  A  10% 
deviation  in  the  depth  of  the  metering  channel  produces  a  33%  deviation  in  the 
flow  in  that  channel. 


(U)  There  are  several  advantages  which  are  gained  by 
employing  the  composite  platelets,  by  making  the  depth  dimension  independent 
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IV,  C,  Cooled  Chambers  (cont.) 

of  the  etch  process  both  manufacturing  and  inspection  procedures  are  greatly 
simplified  and  hence  unit  costs  are  reduced.  The  second  benefit  is  that  the 
hydraulic  resistance  of  the  individual  composite  platelets  is  adjustable  over 
a  wide  range  of  resistances.  The  platelet  pairs  have  been  designed  so  that 
the  placement  of  the  thin  metering  platelet  on  the  thick  distribution  platelet 
(clocking)  determines  the  length  of  the  metering  groove  (See  Figure  2, 

Section  I).  It  is  possible  with  a  single  design  and  clocking  to  achieve  wide 
variation  in  flow  rates  with  a  constant  pressure  differential  between  manifold 
and  chamber,  or  to  obtain  the  desired  flow  rates  with  the  axial  decrease  in 
chamber  pressure  in  the  throat.  For  the  chambers  used  in  this  program  the 
theoretical  axial  coolant  distribution  vjas  achieved  (See  Figure  11)  with  only 
four  metering  platelet  designs  and  three  distribution  platelet  designs. 

These  designs  are  shown  in  Figure  13.  The  small  ID  distribution  platelet  with 
four  inlets  used  in  the  throat  section  is  not  shown.  The  cost  savings 
resulting  from  utilization  of  so  few  platelet  types  was  significant.  In 
addition,  it  would  be  possible  to  modify  the  hydraulic  resistance  contour  of 
the  wall  at  any  point  in  the  test  program  (if  preliminary  test  data  indicate 
this  would  be  desirable)  by  disassembling  the  unit,  rotating  distribution 
platelets,  and  reassembling. 

(U)  The  distribution  platelets  vary  only  in  the  number 
of  inlets,  the  thickness  of  the  platelets,  the  inside  diameter,  and  the  number 
of  indexing  holes.  Platelets  with  four  inlets  are  used  in  the  cylindrical 
portion  of  the  chamber  and  platelets  with  two  inlets  are  used  in  the  convergent 
and  throat  portion  of  the  chamber.  Distribution  platelets  wirl  two  inlets  are 
used  with  the  two  groove  metering  platelets  to  obtain  longer  primary  metering 
grooves  and,  therefore,  higher  pressure  drop.  The  plenum  and  the  thermal 
influence  zone  configurations  as  well  as  the  depth  of  etching  (0.0025-in.)  are 
the  same  for  all  distribution  platelets.  Some  of  the  areas  that  have  a 
controlled  depth  etch  are  crosshatched  in  Figure  2  (Section  I) . 
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IV,  C,  Cooled  Chambers  (cont.) 

(U)  The  four  metering  platelet  configurations  that 
are  used  in  the  cooled  chamber  assembly  are  shown  in  Figure  13.  These 
metering  platelets  are  0. 001-in.  thick  and  the  primary  metering  groove,  the 
secondary  metering  groove,  the  inside  diameter,  and  the  three  small  holes  used 
for  assembly  purposes  are  etched  through  the  platelet  during  the  photoetch 
fabrication  process.  The  metering  platelet  configurations  vary  only  in  the 
number  of  primary  grooves  (two  or  four),  the  width  of  the  metering  groove, 
and  the  dimension  of  the  inside  diameter.  The  number  and  shape  of  the 
secondary  metering  grooves  are  identical  for  all  configurations. 

(U)  The  hydraulic  resistances  or  platelet  clockings 
that  were  used  in  assemblin''  the  chambers  were  calculated  assuming  a  constant 
coolant  manifold  pressure  on  the  outside  of  the  platelets  and  considering 
the  internal  gas  pressure  profile  existing  along  the  chamber  contour.  Since 
the  chamber  and  nozzle  must  operate  at  both  1000  psia  and  100  psia  it  was 
necessary  to  make  a  design  compromise.  The  platelet  hydraulic  resistances 
which  give  optimum  axial  coolant  distrxbution  at  the  one  pressure  level  are 
somewhat  off  optimum  at  the  other.  As  a  result,  part  of  the  divergent  portion 
of  the  nozzle  was  designed  to  be  roughly  10%  overcooled  s'"  the  1000  psia  condi¬ 
tion  in  order  that  it  will  be  adequately  cooled  at  the  100  psia  condition. 

(U)  The  platelets  for  the  ^2*^4“  ClF^-cooled 
chambers  were  fabricated  using  conventional  photo  etching  techniques.  This 
process  uses  a  master  enlargement  of  the  part  to  be  fabricated  which  is  then 
photo  reduced  to  the  actual  size  of  the  part.  The  layout  of  the  master 
enlargement  or  "art  work"  is  not  dependent  on  the  material  to  be  used, 
therefore  the  plateiets  for  the  ^20^-  and  ClF^-cooled  chambers  were  designed 
to  be  identical  except  for  the  material  from  which  the  platelets  were  made. 

Only  one  set  of  art  work  was  required  to  fabricate  the  platelets  for  both 
chambers . 
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IV,  C,  Cooled  Chambers  (cont.) 

(U)  The  use  ot  identical  platelets  for  both  propellant 
systems  was  made  possible  by  the  dr. .^tribution-metering  platelet  pair  concept 
in  which  the  hydraulic  resistance  of  a  pair  is  controlled  by  the  orientation 
of  the  metering  platelet  and  distribution  platelets  relative  to  each  other. 
Thus,  by  changing  the  assembly  procedure  somewhat,  the  same  platelet  design 
was  used  to  construct  the  N2O ^-cooled  chamber  (stainless)  and  the  ClF3-cooled 
chamber  (nickel) . 


(U)  A  +10%  range  of  tolerance  on  standard  stock 
thicknesses  was  allowed  when  ordering  the  material  for  the  chamber  platelets 
to  conserve  costs.  This  meant  that  precise  measurements  had  to  be  made  when 
the  material  was  received.  Thermal  and  hydraulic  design  calculations  were 
revised  and  the  number  of  platelets  that  made  up  the  chamber  assembly  were 
adjusted  to  compensate  for  the  deviation  fro.i  the  design  matsrial  thickness 
for  the  chamber  platelets. 

b.  Chamber  Housing 

(U)  The  primary  function  of  the  chamber  housing  was  to 
provide  a  self-contained,  pressure  tight  housing  for  holding  the  platelet  stack. 
As  such  it  also  served  as  the  outer  wall  to  the  four  chamber  coolant  plenums, 
as  a  mechanical  loading  fixture  for  compressing  and  holding  the  platelet 
stack,  and  as  a  base  for  the  attachment  of  coolant  bleed  valves,  pressure 
transducers,  etc. 


(U)  One  of  the  restraints  placed  on  the  design  was  that 
the  Injectors  should  be  easily  attached  to  and  removed  from  the  chamber. 

Because  of  this  it  was  not  considered  desirable  to  have  the  platelet  stack  load 
against  the  injector.  Instead,  a  disc  shaped  platelet  support  flange  0.312  in. 
thick,  was  placed  at  the  forward  end  of  the  chamber.  Since  the  inside  diameter 
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IV,  C,  Cooled  Chanbers  (cont.) 

of  this  disc  was  exposed  to  the  hot  combustion  gases  it  was  supplied  with  a 
water  cooling  circuit  (See  Figure  10) . 

(U)  Four  coolant  bleed  ports  were  located  on  the  top  of 
the  housing  to  allow  trapped  air  to  be  bled  out  of  each  of  the  four  coolant 
plenums  prior  to  testing  and  thus  provide  a  "hard"  coolant  supply  circuit. 

Three  of  the  lines  connecting  these  bleed  ports  to  a  common  manifold  contained 
check  valves  (Chamber  Sections  1,  11,  and  III).  There  was  no  check  valve  in 
the  line  connecting  Section  IV  to  the  manifold.  The  plenum  pressure  in  this 
section  is  higher  than  the  pressure  in  the  other  chamber  sections  and  was 
used  to  close  the  check  valves  to  the  other  sections  when  the  valve  isolating 
the  bleed  manifold  from  the  dump  was  closed. 

(U)  The  material  selected  for  the  cha]]i>er  housing  was 
347  stainless  steel  because  of  its  availability  and  compatibility  with  liquid 
ClFq  at  ambient  temperature.  There  were  no  fabrication  difficulties  reported 
for  either  of  the  two  chamber  housings  that  were  built.  Critical  dimensions 
on  both  housings  were  checked  with  no  discrepancies  noted. 

c,  Seal-Divider  Ellng 

(U)  Three  seal-divider  rings  were  designed  to  divide  the 
cooled  chamber  into  four  sections,  as  shown  i  Figure  10,  so  that  the  coolant 
flow  to  each  section  could  be  independently  con.,  "'led.  A  Teflon  0-ring  was 
used  between  the  outside  diameter  of  each  seal-divider  ring  and  the  outer 
chamber  housing  to  prevent  intermanifold  coolant  flow. 

(U)  The  primary  reason  for  the  separate  axial  hydraulic 
sections  was  to  allow  gross  adjustment  of  the  coolant  flow  distribution  in  case 
the  axial  heat  flux  distribution  differed  from  that  assumed  in  design  of 
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IV,  C,  Cooled  Chambers  (cont.) 

the  chamber.  Thus,  the  coolant  flow  rate  to  all  parts  of  the  chamber  was  not 
dictated  by  the  most  limiting  local  condition.  The  importance  of  this  feature 
is  exemplified  by  noting  that  the  manifold  pressure  that  doubles  the  coolant 
flow  rate  in  the  throat  increases  the  coolant  flow  rate  in  the  cylindrical 
section  of  the  chamber  by  a  factor  of  five.  A  secondary  reason  for  providing 
for  local  variation  in  the  coolant  flow  rates  was  to  aid  in  analytical  model 
development  by  permitting  evaluation  of  the  effect  of  film  cooling  carryover 
and  evaluation  of  the  performance  degradation  as  a  function  of  coolant  injec¬ 
tion  point. 


(U)  The  seal-divider  ring  consisted  of  an  outer  seal 
ring  made  of  304  L  stainless  steel  fusion  welded  to  a  0.020  in.  thick  disc  of 
either  304  L  stainless  steel  or  nickel  material.  The  304  L  stainless  steel 
was  used  with  N20^  coolant  and  the  nickel  disc  was  used  with  the  CIF3  coolani 
to  satisfy  compatibility  requirements  at  high  temperature.  A  two  piece  con¬ 
struction  method  was  used  to  fabricate  the  seal  rings.  A  0.020  in,  thick  disc 
was  electron  beam  welded  to  a  ledge  in  the  center  of  a  one  piece  ring. 

d.  Assembly  of  Cooled  Chamber 

(U)  In  this  section  the  assembly  procedure  for  the 
cooled  chamber  will  be  discussed  in  detail.  This  will  include  the  assembly, 
machining  and  deigning  operations  of  the  chamber  platelets,  A  cross-section 
of  the  cooled  chamber  is  shown  in  Figure  10. 

(U)  The  assembly  procedure  for  the  N20^-  and  the  CIF3- 
cooled  chamber  is  identical  except  for  the  indexing  of  the  platelet  pairs  for 
each  chamber.  The  difference  in  platelet  pair  index  numbers  was  dictated  by 
the  difference  in  cooling  requirements  for  the  two  chambers. 
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IV,  C,  Coded  Chambers  (cont.) 

(U)  Prior  to  the  assembly  of  the  chambers  the  thicknesses 
of  the  platelets  were  measured  for  two  reasons:  (1)  to  permit  the  correct 
number  of  platelets  to  be  assembled  in  each  section  so  that  the  divider-seal 
rings  would  be  located  properly  with  respect  to  the  0-ring  grooves  in  the 
chamber  housing;  (2)  to  verify  that  the  metering  platelets  would  give  the 
correct  hydraulic  resistance. 

(U)  The  assembly  of  the  cooled  chambers  was  initiated 
with  the  preparation  of  the  chamber  platelets  for  installation  into  the  chamber 
housing.  This  included  the  assembling  or  stacking  of  the  platelets,  contour 
machining  the  inside  diameter,  and  cleaning  of  the  platelets.  Figure  14  shows 
the  platelets  being  stacked  on  the  flange  of  the  machining  fixture  to  form  a 
throat  section  (left)  and  a  chamber  section  (right) .  The  roughness  of  the 
inside  wall  of  the  unmachined  cylindrical  section  is  apparent  in  the  photograph, 

(U)  The  platelets  were  assembled  and  indexed  on  the 
machining  fixture  flange  in  the  same  manner  as  they  would  appear  in  the  final 
chamber  assembly.  The  platelets  in  the  convergent  and  throat  areas  of  the 
cooled  chamber  were  designed  with  a  0.900  in.  inside  diameter  x^ith  plans  to 
contour  machine  the  inside  diameter.  The  machining  of  the  internal  surface 
was  performed  using  Electrical  Discharge  Machining  (EDM) . 

(U)  Electrical  Discharge  Machining  of  the  platelets 
produces  a  small  (about  0.001  in.)  burr  on  the  platelets  at  the  machined 
surface.  A  tack  weld  between  platelet  pairs  is  also  produced.  The  burr  is 
unsatisfactory  from  a  heat  transfer  and  hydraulic  viewpoint  and  the  tack  weld 
complicates  cleaning  of  the  platelets  since  it  makes  separation  of  the  platelets 
difficult.  In  order  to  eliminate  this  condition  the  chamber  was  electropolished 
on  the  inside  diameter.  The  electropolishing  comp^ately  removed  the  burr  and 
the  tack  weld  and  left  the  ID  of  each  platelet  srrjoth.  A  comparison  of  the 
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IV,  C,  Cooled  Chambers  (cont.) 

openness  of  the  coolant  passageways  after  EDM,  but  without  electropolishing, 
and  after  EDM  and  electropollsh  can  be  seen  In  Figure  15.  This  figure  shows 
a  close-up  of  the  surface  of  the  chamber  cylindrical  sections  through  a  mirror. 
The  convergent  section  of  the  stainless  steel  chamber  after  IDM  and  electro¬ 
polish  is  shown  in  Figure  16.  The  short  dark  lines  on  the  surface  of  the 
cylindrical  section  are  formed  by  alignment  of  the  unetched  ridges  or  "lands" 
that  separate  the  thermal  influence  zones.  The  axial  length  of  these  lines  is 
determined  by  the  number  of  platelets  that  have  the  same  clocking.  The  dark 
ring  near  the  throat  is  the  seal  divider  ring. 

(U)  Following  the  electropolish  operat  ’.on  the  platelets 
were  removed  from  the  machining  fixture  and  the  instrumentation  platelet  pairs 
were  separated  from  the  platelet  sections  for  thermocouple  installation.  The 
complete  instrumentation  platelet  assembly  operation  is  discussed  in 
Section  IV, D. 

t 

(U)  Assembly  of  the  nickel  platelets  into  the  CIF^- 
cooled  chamber  housing  proved  to  be  more  difficult  than  was  the  assembly  of  the 
stainlss  steel  platelets  into  the  N^O^-cooled  chamber  housing  due  to  the 
distortion  of  the  nickel  platelets  during  handling.  The  nickel  platelets  were 
relatively  soft  and  did  not  hold  their  flatness  as  did  the  stainless  steel 
platelets.  Therefore,  when  the  nickel  platelets  were  assembled  into  the 
housing  it  was  necessary  to  use  a  loading  ring  to  flatten  the  distorted 
platelets  prior  to  and  after  the  installation  of  each  chamber  seal  ring. 

(U)  As  can  be  seen  in  Figure  14  the  cooled  chamber 

platelets  are  assembled  on  two  index  rods  (see  also  Figure  10) .  These  rods 

serve  two  purposes.  (1)  They  provide  the  index  for  clocking  the  platelet  pairs 

to  obtain  the  required  coolant  flow.  (2)  They  were  intended  to  align  the 

platelets  in  all  assembly  and  machining  operations.  However,  the  index  holes 
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IV,  C,  Cooled  Chambers  (cont.) 

etched  through  the  platelets  were  not  all  the  same  size.  Some  of  these  holes 
were  smaller  In  ID  than  the  OD  of  the  index  rod  and  had  to  be  enlarged  while 
others  were  oversized  and  permitted  platelet  movement.  Thus,  upon  final 
assembly  of  the  chamber  the  index  rod  -  hole  arrangement  id  not  provide  precise 
alignment.  Many  of  the  platelets  were  not  concentric,  and  protruded  as  much  as 
0.005  in.  on  one  side  of  the  chamber  ID. 

(U)  Alignment  tools,  machined  to  the  contour  of  the 
chamber,  we.e  used  to  align  the  platelets.  However,  the  instrumentat  on  plate¬ 
lets  are  made  by  brazing  two  platelets  together  (see  Section  IV, D)  and  flow  of 
braze  alloy  to  the  edge  of  the  stainless  steel  instrumentation  platelets  pro¬ 
duced  F.  crovn  on  the  ID  of  these  platelets  that  prevented  the  effective  use  of 
the  aligning  tools.  The  nickel  instrumentation  platelets  did  not  have  this 
crown  and  the  alignment  tools  were  used  effectively  in  the  final  assembly  of 
the  ClF^-cooled  chamber.  Figure  17  shows  the  inside  of  the  stainless  steel 
and  nickel  chambers  after  final  assembly.  Backlighting  emphasizes  the  surface 
roughness  that  results  from  nonaligned  platelets.  The  crown  on  the  stainless 
steel  instrumentation  platelets  can  be  seen  in  the  figure. 

(U)  The  final  axial  loading  of  the  platelets  in  the 
cooled  chamber  was  accomplished  by  tightening  down  the  nuts  on  each  of  the  12 
chamber  rods.  A  feeler  gage  was  used  to  measure  the  gap  between  the  flange  of 
the  aft  platelet  retainer  and  the  ait  surface  of  the  chamber  housing  to  deter¬ 
mine  the  uniformity  of  the  platelet  stack  height  under  load.  The  compressed 
stack  height  was  within  0.005  in.  at  all  locations  for  both  chambers. 

2.  Phase  II 


(U)  In  Phase  II  of  this  program  one  transpiration  cooled 
chamber  was  designed  and  fabricated  with  nickel  platelets  for  use  with  the 
CIF3/MHF-3  propellant  combination  at  1000  psia  chamber  pressure  and 
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IV,  C,  Cooled  Chambers  (cont.) 

1000  lb  thrust.  The  Phase  II  cooled  chamber  design  (Figure  18)  differs  from 
the  Phase  I  cooled  chamber  design  (Figure  10)  In  that  the  water  coolant  mani¬ 
fold  that  caused  considerable  problems  In  Phase  I  CIF3  testing  was  eliminated, 
the  chamber  L*  was  changed  from  31.9  to  25,  the  seal-divider  ring  at  the  throat 
was  replaced  by  an  Instrumentation  platelet  leaving  three  coolant  sections,  the 
number  and  location  of  the  Instrumentation  platelets  were  revised  and  the  load¬ 
ing  of  the  chamber  platelets  was  accomplished  by  using  the  Injector  rather  than 
the  aft  platelet  retainer. 

(U)  The  seal-divider  rings  are  not  etched  and,  therefore,  are 
film-cooled  by  carryover  from  one  to  three  upstream  platelets  that  are  clocked 
to  have  higher  than  nominal  flow  rates.  However,  the  Phase  I  thermal  data 
Indicated  that  film  cooling  carryover  was  not  especially  effective.  Since  this 
raised  some  doubt  as  to  whether  the  seal-divider  ring  at  the  throat  could  be 
film-cooled  at  reduced  coolant  flow  cates,  it  was  removed.  The  nominal  coolant 
flow  rates  for  the  Phase  II  chamber  are  given  in  Table  3. 


(C)  TABLE  3 

PHASE  II  NOMINAL  COOLANT  FLOW  RATES  (U) 


Chamber  Coolant  Flow 

Section  Rate  (lb /sec) 


I  0.216 

II  0.466 

III  0.173 

Total  0.855 
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a.  Chamber  Platelets 

(U)  The  platelet  design  that  was  used  for  the  Phase  I 
ClF^-cooled  chamber  was  also  used  for  the  Phase  II  chamber.  There  were  suffi¬ 
cient  platelets  residual  from  Phase  I  of  the  program  to  construct  the  nozzle 
and  about  half  of  the  cylindrical  section  of  the  25L*  cooled  chamber.  The 
additional  nickel  platelets  required  to  complete  the  Phase  II  cooled  chamber 
assembly  were  fabricated  as  was  done  in  Phase  I. 

b.  Cooled  Chamber  Housing 

(U)  The  Phase  II  cooled  chamber  housing  shown  in 
Figure  18  was  designed  to  eliminate  the  water  coolant  manifold  that  caused 
considerable  problems  in  Phase  I  CIF^  testing.  This  housing  is  a  one  piece 
welded  construction  unit  that  requires  the  platelets  to  be  installed  and 
mechanically  loaded  from  the  forward  end  of  the  housing  with  an  injector  that 
has  a  sliding  type  seal.  Two  internal  0-ring  seal  locations  were  used  in  the 
housing  to  form  three  chamber  coolant  sections.  There  is  only  one  external 
seal  location  at  the  injector-chamber  joint. 

(U)  The  Phase  II  welded  housing  consists  of  a  cylindri¬ 
cal  section  made  of  CRES  304L  material  and  a  disc  made  of  nickel  200  material. 
The  nickel  was  used  for  the  aft  end  of  the  housing  to  increase  the  radial 
dissipation  of  heat  generated  during  hot  firing  of  the  cooled  chamber. 

(U)  The  coolant  bleed  ports  were  eliminated  from  the 
Phase  II  cooled  chamber  housing  since  they  were  not  used  in  the  Phase  I  CIF^- 
cooled  chamber  tests. 
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c.  Divider  Seal  Rings 

(U)  The  two  divider  seal  rings  that  were  used  in  the 
Phase  II  ClF3-cooled  chamber  were  residual  from  Phase  I  of  the  program. 

d.  Assembly  of  Cooled  Chamber 


(U)  The  assembly  procedure  used  for  the  Phase  I  cooled 
chamber  assembly  was  repeated  for  the  Phase  II  cooled  chamber  assembly  with 
four  variations. 

(1)  Dutjng  the  assembly  of  the  platelets  in  a  cylin¬ 
drical  section  and  a  throatr^ection  the  location  of  the  thermocouple  platelets 
was  changed  and  the  seal-divider  ring  at  the  chamber  throat  was  eliminated. 


(2)  The  index  rods  used  for  the  Phase  II  chamber  were 
larger  than  those  used  for  the  Phase  I  chambers.  An  additional  operation  was 
added  prior  to  machining  the  chamber  inside  contour  to  enlarge  the  two  index 
rod  holes  in  the  platelets  by  EDM  to  have  a  tight  fit  with  the  OD  of  the  larger 
diameter  index  rods.  Precise  machining  of  the  index  rod  holes  was  done  to 
improve  alignment  of  the  chamber  platelets  at  the  inside  diameter. 

(3)  A  tack  welding  operation  was  added  prior  to  the 
assembly  of  the  platelets  into  the  cooled  chamber  housing.  The  metering 
platelets  were  welded  to  the  distribution  platelet  at  the  coolant  entrances 
near  the  OD  of  the  platelets.  Test  results  from  Phase  I  cooled  chamber  testing 
indicated  the  existence  o:’  a  coolant  flow  restriction.  A  visual  examination 

of  the  coolant  entrances  of  the  Phase  I  chamber  platelets  showed  that  they 
were  partially  blocked  by  the  0.001  in.  thick  metering  platelet  sagging  into 
the  0.0025  in.  deep  by  0.160  in.  wide  entrance  in  the  distribution  platelet. 
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IV,  C,  Cooled  Chambers  (cont.) 

Tack  welding  the  metering  platelet  to  the  blank  side  of  the  succeeding  distri¬ 
bution  platelet,  at  the  entrance  locations,  was  done  to  prevent  any  such  flow 
restriction.  Four  resistance  tack  welds  were  made  at  each  of  the  coolant 
entrances  approximately  0.050  in.  from  the  OD  of  the  platelet. 

(4)  The  tack  welded  platelet  pairs  were  assembled  from 
the  divergent  end  of  the  cooled  chamber  toward  the  forward  end  of  the  chamber. 
The  addition  of  the  injector  and  the  tightening  of  the  12  injector-chamber 
housing  bolts  to  apply  the  axial  load  to  the  chamber  platelets  constitute  a 
fully  assembled  Phase  II  chamber  assembly. 
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D.  THERMAL  INSTRUMENTATION 

1.  Phase  I 


(U)  Both  the  N2O4-  and  ClF^-cooled  Phase  I  combustion  chambers 
were  instrumented  with  special  platelets  that  contained  surface  and  subsurface 
thermocouples.  The  instrumentation  platelet  concept  (see  Figure  19)  utilizes 
two-piece  construction  in  which  two  platelets  are  brazed  together  with 
thermocouples  sandwiched  between  them.  The  base  plate  is  unetched  and 
contains  slots  for  the  thermocouples.  The  cover  platelet  is  a  special  (thin) 
distribution  platelet. 

(U)  Prior  to  fabrication  of  the  instrumented  platelets  for 
the  cooled  chamber  assembly  the  instrumentation  technique  was  verified  using  a 
platelet  pair  (see  Figure  19)  of  about  one-half  the  ID  and  OD  of  the  chamber 
platelets .  After  fabrication  this  sample  was  X-rayed  to  locate  the  thermo¬ 
couple  junctions,  and  was  sectioned  to  determine  the  quality  of  the  braze 
joint  at  the  thermocouple  locations.  An  excellent  braze  bond  had  been  achieved 
and  the  braze  flow  around  the  thermocouples  was  uniform.  A  calibration  check 
showed  that  the  braze  alloy  had  no  adverse  effect  on  the  thermocouple  operating 
characteristics. 


(U)  The  design  of  the  instrumented  platelets  for  the  cooled 
chamber  assemblies  was  patterned  after  the  design  of  the  developmental  (sample) 
instrumented  platelet.  Each  of  the  instrumented  platelets  for  the  cooled 
chamber  consisted  of  a  0.006  in.  thick  distribution  platelet,  a  0.016  in. 
thick  base  platelet  and  one  or  more  sheathed  0.010  in  OD  thermocouples.  The 
sheathed  thermocouple  contains  a  pair  of  0.0015  in.  diameter  (chromel  and 
alumel)  wires  inside  a  stainless  steel  0.010  in.  OD  sheath.  High  temperature 
magnesium  oxide  electrical  insulation  separates  the  thermocouple  wires  from 
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each  other  and  from  the  sheath.  The  thermocouples  v'ires  are  fused  at  one 
end  with  the  sheath  to  form  a  junction. 

(U)  The  instrumentation  platelet  pairs  are  shown  in 
Figure  20.  The  sloes  in  the  base  (blank)  platelet  (Figure  20a)  were  made  by 
EDM.  Figure  20b  shows  the  cover  platelet  and  Figure  20c  is  a  close-up  view 
of  one  of  the  base  platelets  after  installation  of  the  thermocouples. 

Figure  20d  shows  a  cover  platelet  on  an  instrumented  base  platelet.  After 
brazing  an  instrumented  platelet  is  the  same  as  an  ordinary  0.020  in.  thick 
distribution  platelet  except  for  thickness  (0.022  in.)  and  the  thermocouples. 

(U)  As  shown  in  Figure  21  the  thermocouples  are  led  through 
the  instrumentation  ports  in  the  cooled  chamber  housing.  The  ports  are  sealed 
and  the  lead  wires  are  then  spliced  to  the  thermocouple  wires. 

(U)  Instrumentation  platelet  No.  6  for  the  N20^-cooled 
chamber,  and  numbers  6  and  7  for  the  ClF^-cooled  chamber  were  not  usable 
either  because  of  slippage  of  the  cover  platelet  relative  to  the  base  platelet 
during  brazing  or  because  of  excess  braze  alloy  flow  into  critical  flow  areas 
on  the  coyer  platelet.  Figure  21  shows  the  location  of  the  remaining  instru¬ 
mented  platelets  in  the  N20^-  and  ClF^-cooled  Phase  I  chambers.  The  instru¬ 
mented  platelets  were  numbered  from  the  aft  end  of  the  chamber. 

(U)  The  thermocouples  were  located  circumferentially  within 
the  platelets  to  permit  measurements  to  be  made  both  in  line  with  and  between 
streaks  that  were  observed  visually  on  the  uncooied  ablative  liners  used  in 
the  injector  checkout  tests.  The  axial  location  of  each  instrumentation 
platelet  was  seT.ected  to  give  temperatures  at  those  locations  which  appeared 
to  be  most  critical  on  the  basis  of  the  design  calculations.  The  thermocouple 
locations  were  designed  to  permit  measurement  of  the  axial  temperature  profile 
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(a)  BASE  PLATELET  AFTER  (b)  COVER  PLATELET 

MACHINING  SLOTS  FOR 
THERMO  COUPLES 


lutN  I  lAL 


(e)  THERMOCOUPLES  INSTALLED 
IN  SLOTS  IN  BASE  PLATELET 


(d)  COVER  PLATELET  ON 

INSTRUMENTED  BASE  PLATELEl 


Figure  20.  Instrumentation  Platelet  Assembly  (u) 
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(two  locations),  of  the  circumferential  temperature  profile  (platelet  No.  4), 
and  of  the  temperature  profile  in  the  wall  (two  locations) . 

(U)  The  location  of  the  thermocouples  in  the  platelets  is 
given  in  Table  4.  To  help  identify  the  individual  thermocouples  a  two  number 
sequence  (for  example  5-1)  was  used  to  designate  the  individual  thermocouples. 
The  first  number  in  the  sequence  refers  to  the  instrumentation  platelet  in 
which  the  thermocouples  are  located,  while  the  second  number  in  the  sequence 
designates  the  position  in  a  clockwise  numbering  system  used  for  each  platelet. 
The  numbering  of  the  individual  thermocouples  on  each  platelet  and  the  loca¬ 
tion  of  the  thermocouples  relative  to  the  injector  patterns  are  shown  in 
Figure  22  for  the  N20^-cooled  chamber  and  in  Figure  23  for  the  ClF3-cooled 
chambers . 

TABLE  4 

LOCATION  AND  NUMBER  OF  THERMOCOUPLES 
IN  INSTRUMENTATION  PLATELETS  (U) 

Instrumentation  Surface  0.015  in.  0.030  in.  0.070  in. 

Platelet  Number  (ID)  Depth  Depth  Depth 

1 
2 

3 

4 

5 

6 

7 

8 
9 
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Figure  22.  Thermocouple  Locations  Relative  to  Phase  I 
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Figurs  23.  Hiennocouple  Locations  Relative  to  Phase  I  CIF 
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(U)  It  was  desired  to  have  the  instrumentation  platelets 
blend  in  as  smoothly  as  possible  with  the  inside  contour  of  the  cooled  chambers. 
To  accomplish  this  the  instrumentation  platelet  pairs  were  assembled  with  the 
other  platelets  in  the  machining  fixture  for  the  chamber  contour  machining  and 
subsequent  electropolish.  When  the  platelet  stack  was  removed  from  the  machin¬ 
ing  fixture  the  instrumentation  platelet  pairs  were  taken  out  of  the  stack,  the 
grooves  machined,  thermocouples  installed,  and  cover  platelets  brazed  on. 

(U)  Prior  to  installation  the  thermocouples  were  X-rayed  to 
locate  the  junction  relative  to  the  end  of  the  thermocouple.  After  installa¬ 
tion  of  each  thermocouple  in  the  base  platelet  the  distance  from  the  ID  of  the 
platelet  to  the  end  of  the  thermocouple  was  measured.  In  this  way  the  distance 
from  the  chamber  surface  to  each  thermocouple  junction  was  determined. 

2.  Phase  II 

(U)  The  instrumentation  technique  and  method  of  fabrication 
of  the  instrumentation  platelets  used  in  Phase  I  of  the  program  was  also  used 
in  Phase  II.  The  only  differences  that  were  made  in  thermal  instrumentation 
in  going  from  Phase  I  to  Phase  II  were  in  the  number  and  location  of  the 
thermocouples.  A  total  of  25  thermocouple  locations  were  specified  for 
Phase  II.  Twenty-three  of  the  thermocouples  were  operative  after  final 
assembly  of  the  chamber.  Figure  24  shows  the  location  of  the  instrumentation 
platel  ’ts  in  the  Phase  II  cooled  chamber  and  the  circumferential  location  of 
the  thermocouples  relative  to  the  injector  pattern.  The  instrumented  platelets 
were  numbered  from  the  aft  end  of  the  chamber. 

(U)  The  instrumentation  platelets  were  located  axially  to 
improve  the  data  acquisition  over  that  of  the  Phase  I  cooled  chamber  testing. 
Instrumentation  platelets  numbers  2  and  5  were  located  approximately  .250 
downstream  of  the  seal-divider  rings  to  be  out  of  the  influence  of  the  film 

Page  66 

CONFIDENTIAL 

(This  Page  is  Unclassified) 


lirt-wwiiiwarT  >i  il.  — *■■ - —  •'-  '.v^^-*,v.'<.-w,--**-.-7  --r- 

CONnOENTIAL 


AFRPL-TR-67-198 


UNCLASSIFIED 


Figure  2k,  Locations  of  Ehermocouples  in  Riase  II  Chamber  (u) 

Page  6T 

CONFIDENTIAL 


UNCLASSIHED 


AFRPL-TR-67-198 

IV,  D,  Thermal  Initrumentatlon  (cont.) 

cooling  provided  for  the  seal-divider  rings c  One  to  three  platelets  proceeding 
the  seal  divider  rings  are  clocked  open  to  allow  more  coolant  to  flow  to  com¬ 
pensate  for  the  uncooled  thickness  at  the  seal-divider  ring, 

(U)  Instrumentation  platelet  number  1  was  located  at  the 
throat  to  monitor  the  temperatures  at  the  throats  A  seal  divider- ring  had 
been  located  In  the  throat  of  the  Phase  I  cooled  chambers. 

(U)  The  thermocouples  were  located  circumferentially  within 
the  platelets  to  permit  measurements  to  be  made  In  line  with  and  between  streaks 
that  were  observed  visually  on  the  Phase  II  uncooled  ablative  liners  in  the 
Injector  checkout  tests.  These  thermocouple  locations  were  designed  to  permit 
measurement  of  the  axial  temperature  profile  (3  locations)  and  of  the  circum¬ 
ferential  profile  (Platelets  1,  2  and  3). 

(U)  The  attempt  during  Phase  I  testing  to  measure  the  temper¬ 
ature  gradient  In  the  Instrumentation  platelet  by  means  of  subsurface  thermo¬ 
couples  was  unsatisfactory.  The  subsurface  thermocouples  had  been  placed  at 
three  different  depths  from  the  chamber  surface,  but  were  separated  circum¬ 
ferentially  as  shown  In  Figures  22  and  23.  The  circumferential  variation  In 
heat  flux  to  the  wall  due  to  Injector  Inhomogenelty  resulted  In  each  subsurface 
thermocouple  being  In  a  unique  thermal  environment.  Thus,  each  subsurface 
thermocouple  provided  one  point  In  a  thermal  gradient  peculiar  to  Its  location 
and  not  several  points  In  a  common  gradient.  Ihe  circumferential  placement 
of  the  thermocouples  was  made  because  the  location  of  several  thermocouples 
along  a  single  radius  would  Introduce  a  mass  of  material  whose  thermal  proper¬ 
ties  were  significantly  different  from  those  of  the  platelet  material  and 
would  therefore  perturb  the  system  being  measured  and  thus  Invalidate  the 
results.  Three  subsurface  thermocouples  were  used  on  three  platelets  In 
critical  locations  since  the  subsurface  thermocouples,  not  being  exposed  to 
the  hot  gases  and  higher  temperatures,  would  be  more  reliable. 
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V.  TESTING 


A.  FACILITIES  AND  TEST  PROCEDURES 


1.  Facilities 


(U)  All  test  firings  were  conducted  In  the  Research  Physics 
Laboratory,  Sacramento  Plant.  The  CIF^  test  Installation  Is  shown  In 
Figure  25.  The  ^20^  test  stand  Is  very  similar  to  the  CIF^  test  stand.  A 
flow  schematic  of  the  N20^  test  Installation  Is  given  In  Figure  26  and  the 
flow  schematic  of  the  CIF^  test  Installation  Is  given  In  Figure  27. 

(U)  Four  feed  circuits  are  used  during  the  cooled  chamber 
testing;  the  injector  oxidizer  circuit,  the  injector  fuel  circuit,  the 
oxidizer  coolant  circuit  and  the  water  coolant  circuit.  These  circuits 
are  shown  in  Figure  28,  which  shows  the  N2O ^-cooled  chamber  on  the  test 
stand  prior  to  testing.  The  water  circuit  supplies  coolant  for  the  injector 
and  for  the  manifold  in  the  forward  platelet  support  of  the  Phase  I  cooled 
chamber  housing.  The  oxidizer  coolant  circuit  supplies  the  transpiration 
coolant  to  the  chamber.  Flow  in  each  circuit  is  started  and  stopped  by 
nitrogen  actuated  valves.  The  propellant  valves  are  equipped  with  automatic 
prefiring  and  postfiring  nitrogen  purges. 

(U)  No  separate  discussion  of  the  feed  system  used  for 
injector  checkout  testing  has  been  included  since  the  system  is  similar  to 
that  used  in  the  cooled  chamber  testing  except,  of  course,  for  the  chamber 
coolant  circuits. 


(U)  The  test  stand  is  mounted  on  a  concrete  test  pad  with 
the  thrust  chamber  assembly  located  in  the  horizontal  position.  The  propel¬ 
lant  valves  are  separately  operated  so  that  the  relative  opening  times  can 
be  readily  adjusted.  In  order  to  avoid  burning  of  fuel  with  the  oxidizer 
coolant,  actuation  times  for  the  injector  propellant  valves  were  set  for  a 
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300  millisecond  oxidizer  lead  on  start  and  100  millisecond  oxidizer  lag  on 
shutdown.  Fixed  area  cavitating  venturis  were  used  to  control  the  flow  of 
the  propellants  to  the  injector.  A  40  micron  absolute  filter  is  located  at 
the  tank  outlet  in  both  propellant  feed  circuits. 

3 

(U)  The  pressurization  system  consists  of  a  650  ft  nitrogen 
tank  at  3,600  psig,  a  10-micron  absolute  filter  and  two  1-in.  regulators  which 
feed  nitrogen  gas  into  the  top  cf  each  propellant  tank  through  a  pressurizing 
valve  and  two  check  valves. 

(U)  The  water  coolant  system  consists  of  a  40  gal  tank, 

40-micron  absolute  filter  and  a  nitrogen  actuated  valve  which  feeds  coolant 
water  to  the  injector  and  chamber. 

(U)  The  flow  of  coolant  to  the  chamber  sections  was  controlled 
by  separate  fixed  area  cavitating  venturis.  The  coolant  flow  to  each  of  the 
individual  sections  could  be  varied  independently  of  the  others  simply  by  changing 
the  venturi  feeding  that  section.  All  the  coolant  was  passed  through  a  10 
micron  absolute  (2  micron  nominal)  filter. 

(U)  The  thrust  chamber  test  firings  are  controlled  by  an 
automatic  sequencing  unit.  When  the  fire  switch  is  closed  the  sequence  unit 
is  started  which  automatically  energizes  the  fuel  and  oxidizer  purge  valves. 

Two  seconds  later  the  chamber  coolant  valve  is  opened.  Approximately  5  sec 
after  all  chamber  coolant  sections  are  completely  filled  the  oxidizer  and 
fuel  propellant  valves  are  opened.  (Chamber  fill  times  were  varied  with 
coolant  flow  rate  and  are  calculated  from  manifold,  plenum  and  platelet 
vol<’  and  the  coolant  volumetric  flow  rate.)  A  high  temperature  shutdown 
device  was  installed  in  the  sequence  unit.  Prior  to  each  test  four 
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thermocouples  were  selected  to  feed  their  electrical  impulses  into  the  shutdown 
device.  When  any  one  of  the  four  temperatures  exceeded  the  abort  temperature 
millivolt  settings,  the  engine  was  automatically  shut  down. 


(U)  The  basic  instrumentation  that  was  used  is  as  follows: 


Function 

Tank  Pressures 

Chamber  Pressures 

Injection  Pressures 

Coolant  Chamber 
Pressures 

Venturi  Inlet 
Pressures 

Coolant  Chamber 
Temperatures 

Thrust 

Flowrates 


a  direr 
system. 


Sensing  Unit 
Taber  Transducers 
Taber  Transducers 
Taber  Transducers 
Taber  Transducers 

Taber  Transducers 

CA  Thermocouples 

Baldwin  Load  Cell 

Potter  Flowmeters 
Cavitating  Venturis 


_ Range 

P  =  100  psia 
c _ 

0  -  IK  psig 

0  -  200  psig 

0  -  200  psig 

0  -  500  psig 

0  -  500  psig 

32‘’F  -  2200°.>- 

0  -  500  lb 

0. 3-9.0  gpm  (H^O) 
0.11-2.3  gpm  (H2O) 


P  =  1000  psia 
c _ 

0  -  3K  psig 

0  -  1.5K  psig 

0  -  1.5K  psig 

0  -  1.5K  psig 

0  -  3K  psig 

32®?  -  2200'’F 

0  -  2K  lb 

1.0-2. 7  gpm  (H2O) 
0.26-18.9  gpm  (H2O) 


(U)  The  output  from  the  various  sensing  units  are  recorded  on 
reading  36-channel  oscillograph  and  on  an  analog  to  digital  conversion 
The  instrumentation  and  data  processing  system  is  shown  in  Figure  29. 


(U)  The  accuracy  of  the  instrumentation  using  the  manufacturer's 
quoted  values  and  estimated  values  for  calibration,  electrical  interconnections, 
and  data  reduction  are  as  follows; 
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Function 

Pressure 

Temperature 

Chromel-alumel  @  1060® F 
@  2200®F 

Copper-cons tantan  @  120“F 
Flow  (Turbine  Flowmeters) 
(Venturis) 

Throat  Areas 
Thrust 

2.  Test  Procedure 


(cont.) 

Error  (%  of  Operating  Point) 
Standard  Deviation  Error 

0.156 

+  0.14 
+  0.05 
+  0.62 
0.5 
0.2 

+  0.20 
+  0.86 


(U)  Prior  to  each  test  a  sequence  check  is  made.  This 
check  consists  of  "dry"  firing  the  engine  to  evaluate  initial  valve  opening 
time,  run  duration,  sequence  of  operations,  and  the  temperature  abort  unit. 
Sequence  changes  or  adjustments  could  be  made  at  this  time. 

(U)  The  additional  preparation  required  for  CIF^  testing  is 

described  below. 


a.  Cleaning  (CIF^) 

(U)  The  CIF^  run  tank  was  cleaned  and  certified  during 
fabrication  to  Aerojet  Specification  PfH14B.  All  of  the  associated  plumbing 
installed  in  the  CIF^  feed  system  was  cleaned  as  follows: 

(U)  All  remote  and  manual  operated  valves,  check  valves 
and  filters  were  disassembled,  flushed  with  trichlorethylene,  washed  with  a 
detergent  and  brush,  and  then  flushed  with  water  and  alcohol.  Liquid  and 
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gas  lines  were  also  cleaned  in  the  same  manner.  All  plumbing  (valves,  parts, 
fittings,  lines)  are  then  placed  in  an  acid  pickling  solution  for  four  hours. 
All  parts  are  then  rinsed  with  deionized  water,  flushed  with  alcohol,  dried 
with  GN^,  and  size  permitting,  placed  in  a  230®F  drying  oven  for  four  hours. 

b.  Passivation 

(U)  Prior  to  introducing  CIF^  vapors  into  the  CIF^  feed 
system  the  system  was  dried  with  GN^  at  150°F  for  four  hours.  A  ClF^  cylinder 
containing  150  lb  of  CIF^  was  then  connected  to  the  fill  line.  CIF^  vapors 
were  introduced  into  the  run  tank  and  feed  lines  by  remotely  operating  the 
appropriate  valves.  The  feed  system  was  allowed  to  soak  with  the  dilute 
mixture  of  CIF^  vapors  and  GN^  for  approximately  10  minutes.  All  of  the 
remote  operated  valves  were  then  opened  separately  for  2  minutes  to  allow 
the  dilute  mixture  to  pass  through  the  valves.  The  operation  was  repeated 
several  times  with  more  concentrated  mixtures  of  CIF^  vapors  until  the  system 
was  completely  saturated  with  the  vapor.  The  feed  system  was  then  pressurized 
to  2300  psig  (operating  pressure  for  =  1,000  psia)  to  allow  the  CIF^  vapors 
to  react  with  any  crevice  which  was  not  passivated  at  the  low  pressure  condi¬ 
tion. 


i 


V  I 


c.  Tank  Loading 

(U)  Upon  completing  the  passivation  the  CIF^  cylinder 
was  disconnected,  inverted  and  connected  to  the  fill  line.  Liquid  ClF^  was 
then  introduced  into  the  tank,  being  driven  by  its  own  vapor  pressure.  The 
tank  system  was  then  allowed  to  soak  with  liquid  CIF^  for  approximately  10 
minutes  before  pressurizing  the  CIF^  cylinder  with  GN^  to  150  psig  and  trans¬ 
ferring  the  remaining  propellant.  The  cylinders  were  weighed  before  and  after 
the  fill  operation  to  insure  that  all  of  the  CIF^  had  been  transferred. 
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V,  Testing  (cont.) 

B.  INJECTOR  CHECKOUT  TESTING 

1.  Phase  I 

(U)  After  fabrication  and  hydrotest  the  injectors  were  checked 
by  test  firing  with  ablative-lined  32L*  combustion  chambers.  The  purpose  of 
these  tests  was  to  evaluate  the  performance  characteristics  of  each  injector  and 
to  identify  any  pattern  nonuniformities.  The  thermocouple  locations  for  the 
cooled  chamber  were  selected  on  the  basis  of  the  postfire  markings  on  the 
ablative  chambers.  A  total  of  22  injector  checkout  tests  were  made:  twelve  with 
CIF^/MHF-S  (three  Injectors)  and  ten  with  N20^/AeroZINE  50  (two  injectors).  The 
operating  conditions  are  summarized  in  Table  5.  The  performance  results  are 
given  in  Section  VI, A. 

(U)  The  100  lb  and  1000  lb  thrust  injectors  were  tested  over  a 
small  range  of  mixture  ratios  in  anticipation  of  a  range  of  operating  conditions 
during  cooled  chamber  testing.  The  testing  at  SOO  psia  nominal  chamber  pres¬ 
sure  was  performed  to  evaluate  performance  at  reduced  injector  flow  conditions 
since  this  mode  of  operation  might  be  necessary  to  offset  the  increased  pres¬ 
sure  and  thrust  resulting  from  propellant  introduced  as  coolant  in  the  cooled 
chamber  tests. 


(U)  Duplicate  propellant  flow  rates  were  measured  since  each 
system  contained  a  turbine  type  flowmeter  and  a  fixed  area  cavitating  venturi. 
Duplicate  load  cells  were  also  used. 

(U)  Throat  diameters  were  measured  in  four  locations  (0° ,  45“ , 
90®,  and  130“)  after  each  test.  Throat  areas  determined  from  the  measured 

2 

diameter  (average  of  the  four  measurements)  agreed  to  the  nearest  0.001  in. 
with  throat  areas  (four  cases)  that  were  determined  from  a  shadowgraph  enlarge¬ 
ment  (lOX)  of  the  throats. 
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(U)  TABLE  5  I'’, 

PHASE  I  INJECTOR  CHECKOUT  TEST  CONDITIONS  ‘  ^ 


Propellants 

N-O./AeroZINE  50 
2  4 


CIF^/MHF-S 


Nominal 

Chamber 


Injector 

Pressure 

Test 

Duration 

P/N 

(psia) 

No. 

Mixture  Ratio 

(sec) 

1122315-9 

100 

1K-3A-101 

1.48 

2 

(S/N-2) 

100 

102 

1.50 

5 

100 

103 

1.61 

5 

100 

104 

1.37 

3 

1122315-19 

1000 

105 

1.67 

1 

(S/N-3) 

1000 

106 

1.68 

2 

1000 

107 

1.78 

2 

1000 

108 

1.55 

2 

900 

109 

1.68 

2 

900 

110 

1.58 

2 

1122315-9 

100 

1K-3B-101 

* 

2 

(S/N-1) 

100 

102 

2.38 

5 

100 

103 

2.21 

5 

100 

104 

2.58 

5 

1122315-29 

1000 

105 

* 

1 

(S/N-4) 

1000 

106 

2.52 

2 

1000 

107 

2.78 

2 

900 

108 

2.38 

2 

1122315-59 

100 

109 

2.48 

3 

(S/N-5) 

100 

110 

2.50 

5 

100 

111 

2.64 

5 

100 

112 

2.24 

5 

f 

t 

I 

f 


*Test  data  invalid  -  propellant  lines  were  not  filled  with  propellant. 
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V,  B,  Injector  Checkout  Testing  (cont.) 

(U)  Postfire  examination  of  the  100  lb  thrust  CIF^  injector 
(S/N-1)  revealed  that  "bell  mouthing"  of  the  fuel  orifices  had  occurred  during 
the  checkout  testing.  The  body  of  this  injector  was  stainless  steel.  The 
-59  injector  (S/N-5)  was  fabricated  with  the  same  pattern,  but  a  nickel  body. 

No  bell  mouthing  was  noted  with  this  injector  at  the  conclusion  of  the  injector 
checkout  tests  nor  at  the  conclusion  of  the  100  lb  thrust  ClF^-cooled  chamber 
tesuing. 


2.  Phase  II 


(U)  The  baseline  performance  of  three  injectors  was  evaluated 
in  Phase  II  using  a  25L*  ablative-lined  combustion  chamber.  Two  of  these 
injectors,  the  Vortex  S/N-8  injector  and  the  49-element  S/N-9  injector,  were 
new  injectors.  The  third  Injector  that  was  tested  was  the  21  element  S/N-4 
injector  that  had  been  used  in  Phase  I.  Since  this  injector  was  designated  as 
the  backup  injector  one  test  was  run  to  characterize  performance  of  this  injector 
with  the  (25L*)  Phase  II  chamber.  Testing  and  measurement  of  the  throat  diameter, 
flow  and  thrust  were  done  in  the  same  manner  as  in  Phase  I. 

(U)  The  injector  checkout  test  conditions  are  summarized  in 
Table  6.  All  tests  were  made  with  ClF^/MHF-l  propellants  at  a  nominal  1000  psia 
chamber  pressure  and  1000  lb  thrust.  The  Vortex  injector  was  designed  to  have 
good  compatibility  with  the  oxidizer  transpiration  cooled  chamber  by  introducing 
the  oxidizer  tangentially  at  a  diameter  equal  to  the  chamber  I.D.  and  by  intro¬ 
ducing  the  fuel  radially  from  a  center  spud.  The  axial  and  circumferential 
orientation  of  the  fuel  orifices  with  respect  to  the  oxidizer  orifices  was 
varied  to  determine  the  effect  on  performance.  The  orientation  used  in  each 
test  is  shown  in  Figure  30. 
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(U)  TABLE  6 

PHASE  II  INJECTOR  CHECKOUT  TEST  CONDITIONS 


Injector  P/N 

Type 

Test  No. 

Mixture  Ratio 

Duration 

(sec) 

1130922-29 

Vortex 

1K-5A-101 

2.56 

0.75 

(S/N-8) 

102 

2.59 

2.00 

103 

2.59 

0.75 

104 

2.59 

0.75 

1122315-29 

21- element 

105 

2.57 

0.70 

(S/N-4) 

1132431-1 

49-element 

106 

2.56 

0.77 

(S/N-9) 

107 

2.58 

1.53 

108 

2.16 

0.75 
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V,  Testing  (cont.) 


C.  COOLED  CHAMBER  FLOW  TESTING 


1.  N2O4  Flow  Tests 


(U)  Prior  to  initiating  the  N^O^/AeroZINE  50  cooled  chamber 
testing,  the  chamber  coolant  flow  circuit  was  calibrated  with  ^20^.  Thirteen 
N20^  flow  tests  were  conducted  to  establish  the  pressure  drop-flow  character¬ 
istics  of  all  four  chamber  coolant  compartments.  The  test  setup  was  the  same 
as  was  used  for  the  cooled  chamber  test  firings  so  that  all  flow  conditions 
would  be  identical.  Flow  rates  to  three  of  the  chamber  coolant  sections  (I, II, III) 
were  controlled  with  fixed  area  cavitatlng  venturis.  The  flow  rates  were  calcu¬ 
lated  using  the  manifold  pressure  upstream  of  the  venturis  anil  the  venturi  cali¬ 
bration  curves.  The  coolant  flow  rate  in  Section  IV  (divergent  section)  was 
measured  with  a  Potter  micro-flowmeter.  The  coolant  flow  rate  to  Section  IV  was 
too  small  to  permit  utilization  of  a  cavitating  venturi.  The  total  coolant 
flow  rate  was  monitored  with  a  turbine  flowmeter.  Plenum  pressures  in  each 
section,  venturi  inlet  pressure,  and  chamber  pressure  were  measured  with  pres¬ 
sure  transducers.  The  oxidizer  propellant  temperature  was  measured  with  a 
copper-cons tantan  thermocouple. 

(U)  All  chamber  coolant  sections  were  calibrated  over  a  range 
of  flow  rates  up  to  10  times  the  nominal  coolant  flow  rates  for  a  chamber  pres¬ 
sure  level  01  100  psia.  All  four  coolant  sections  were  flowed  during  the  first 
test.  In  subsequent  tests  sections  I  and  II  were  flowed  together  and  sections 
III  and  IV  were  flowed  separately.  The  coolant  flow  rates  for  Sections  I,  II, 
and  III  were  changed  by  changing  venturis  while  the  coolant  flow  rate  to 
section  IV  was  changed  by  increasing  or  decreasing  the  oxidizer  supply  tank 
pressure.  Each  test  was  conducted  by  pressurizing  the  oxidizer  feed  circuit 
and  remotely  operating  the  chamber  coolant  valve.  The  data  were  recorded  on 
the  36- channel  direct-reading  oscillograph. 
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V,  C,  Cooled  Chamber  Flow  Testing  (cont.) 

2.  CIF3/MHF-3  Flow  Tests 


(U)  Prior  to  conducting  firings  with  the  Phase  I  CIF^  cooled 
chamber  the  coolant  circuit  was  flow  calibrated  with  trichlorethylene.  Tri- 
chlorethylene  was  selected  because  of  its  availability,  and  because  it  would 
give  the  best  combination  of  pressure  drop  and  Reynolds  number  scaling.  The 
chamber  was  not  flowed  on  the  test  stand  with  CIF^  because  of  the  toxicity 
of  CIF^. 


(U)  A  separate  test  setup  vhich  duplicated  the  ClF^-coolant 
flow  circuit  was  fabricated  and  installed  in  an  existing  feed  circuit  in  the 
Engineering  R&D  Laboratory.  All  four  chamber  coolant  compartment  flow  rates 
were  controlled  with  c^.vitating  venturis.  The  flow  rates  were  calculated  using 
the  manifold  pressure  upstream  of  the  venturis  and  the  venturi  calibration 
curves.  The  flow  rate  were  varied  during  each  test  by  increasing  or  decreasing 
tank  pressure  ard  by  changing  venturis.  All  four  chamber  coolant  compartments 
were  flowed  simultaneously  during  these  tests.  The  flow  rate  range  covered 
during  these  tests  was  approximately  1/2  to  10  times  the  anticipated  nominal 
coolant  flow  rates  required  for  a  chamber  pressure  level  of  100  psia. 

(U)  Prior  to  conducting  test  firings  with  the  Phase  I  nickel 
platelet  chamber  at  a  chamber  pressure  level  of  1000  psia,  the  chamber  was 
flowed  with  ClF^  on  the  test  stand.  All  chamber  coolant  compartments  were 
flowed  simultaneously  with  cavitating  venturis  in  each  flow  circuit.  The 
coolant  flow  rates  were  the  same  as  those  required  for  the  first  hot  firing. 

All  pressure  and  temperatures  were  recorded  on  the  36-channel  direct-reading 
oscillograph. 


(U)  Because  the  Phase  II  chamber  was  similar  to  the  Phase  1 
chamber  no  flow  tests  were  made  with  the  chamber  prior  to  test  firing  other  than 
flowing  with  CIF^  on  the  test  stand  at  the  flow  rates  that  were  used  in  the  first 
cooled  chamber  test. 
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V,  Testing  (cent.) 

D.  COOLED  CHAMBER  TEST  FIRING 

1.  Phase  I 


a.  ^2^4 

(U)  Testing  of  the  N20^  cooled  chamber  was  initiated  at 
the  100  lb  thrust  leve.' .  The  following  steps  were  taken  to  insure  minimum  risk 
of  hardware  damage; 

(U)  (1)  The  first  tests  were  made  with  10  times  the 

nominal  100  lb  thrust  coolant  flow  rates. 

(U)  ('’)  The  four  high-temperature-abort  circuits  were 

set  at  1000®F  and  used  to  monitor  one  surface  thermocouple  in  each  section. 

(U)  (3)  Test  series  of  increasing  test  duration  were 

used.  The  first  test  in  each  series  was  generally  of  short  enough  duration 
that  full  chamber  pressure  was  not  achieved.  Successive  tests  of  longer  dura¬ 
tion  were  then  made  until  all  thermocouples  indicated  that  steady-state  had 
been  achieved.  Selected  thermocouples  were  monitored  on  the  oscillograph. 

Only  16  of  the  44  thermocouples  could  be  recorded  on  the  digital  system  per 
test.  The  longer  duration  tests  were  frequently  repeated  to  permit  additional 
thermocouples  to  be  monitored. 

(U)  The  N^O^/AeroZINE-SO  test  operating  conditions  are 
summarized  in  Tables  7  and  8.  Systematic  reduction  of  the  coolant  flow  was 
planned.  On  the  first  two  10-sec  duration  tests  fluctuation  of  fuel  flow  and 
a  corresponding  fluctuation  in  chamber  pressure  was  noted.  The  flow  transient 
suggested  momentary  clogging  of  the  cavitating  venturi  in  the  fuel  circuit. 
Installation  of  a  filter  in  the  fuel  circuit  eliminated  the  problem. 
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(C)  TABLE  7 

SUMMARY  OF  N^O, -COOLED  CHAMBER  TEST  CONDITIONS  (100  lb  THRUST)  (U) 
2  4 


Approximate  Ratio  of  Planned  Coolant  Flow 
Duration  Rate  to  Nominal  Value 


Test 

(sec) 

Sect  I 

Sect  II 

Sect  III 

Sect 

IV  Comments 

1K-3C-101 

1.4 

10.0 

10.0 

10 

10 

Initial  test  sequence  selected 

-102 

1.9 

10.0 

10.0 

10 

10 

to  m.inlmize  risk  to  hardware. 

-103 

3.0 

10.0 

10.0 

10 

10 

Fluctuation  noted  in  P^  and 

-104 

10.0 

10.0 

10.0 

10 

10 

fuel  flow  during  10  sec  test. 

-105 

1.4 

7.5 

10.0 

10 

10 

Coolant  flows  reduced  in 

-106 

2.0 

7.5 

10.0 

10 

10 

Sections  I  and  II.  Spike  noted 

-107 

1.4 

5.4 

10.0 

10 

10 

in  platelet  temperatures  on 

-108 

1.4 

5.4 

7.2 

10 

10 

startup. 

-109 

2.0 

5  4 

7.2 

10 

10 

-110 

1.4 

5.4 

5.5 

10 

10 

Coolant  flows  reduced. 

-111 

1.4 

4.0 

5.5, 

10 

10 

Fluctuation  again  noted  in  Pj, 

-112 

1.4 

4.0 

4.0 

10 

10 

and  fuel  flow  during  10  sec 

-113 

10.0 

4.0 

4.0 

10 

10 

test . 

-114 

10.0 

4.0 

4.0 

10 

10 

A  filter  adaed  to  fuel  line 

-115 

1.4 

4.0 

4.0 

10 

10 

eliminated  fluctuation  a  P^, 

-116 

1.4 

4.0 

4.0 

10 

10 

and  fuel  flow  (10  sec  test). 

-117 

1.4 

4.0 

4.0 

10 

10 

Purge  sequence,  coolant  manifold 
venting  and  xnjector  0/F  (1.8) 
were  varied  to  evaluate  their 

thermal  effects. 

-118 

1.4 

3.2 

4.0 

10 

10 

Coolant  flow  reduced  in  Section 

-119 

1.4 

3.2 

3.0 

10 

10 

II.  Long  duration  tests  were 

-120 

3.0 

3.2 

3.0 

10 

10 

run  to  permit  output  of  all 

-121 

30.0 

3.2 

3.0 

10 

10 

thermocouples  to  be  recorded 

-122 

30.0 

3.2 

3.0 

10 

10 

under  steady-state  conditions. 

-123 

60.0 

3.2 

3.0 

10 

10 

(Only  16  thermocouples  could  be 
recorded  per  test.) 

-124 

1.4 

3.2 

3.0 

10 

10 

Oxidizer  (injector)  lead  time 

-125 

1.4 

3.2 

3.0 

10 

10 

and  injector  0/F  (2.2)  were 

-126 

1.4 

3.2 

3.0 

10 

10 

varied  to  evaluate  their 
thermal  effects. 

-127 

1.4 

3.2 

3.0 

10 

10 

Thermal  effect  of  rate  of  fuel 

-128 

1.4 

2.7 

3.0 

10 

10 

valve  opening  (Tests  127,  131, 

-129 

2.0 

2.7 

3.0 

10 

10 

and  132)  was  evaluated.  Coolant 

-130 

1.4 

2.7 

2.5 

10 

10 

flows  were  reduced  (Tests  128-30 

-131 

1.4 

2.7 

2.5 

10 

10 

133-37).  Test  138  through  141 

-132 

3.0 

2.7 

2.5 

10 

10 

were  to  be  3.0  sec  in  duration 

-133 

1.4 

2.3 

2.5 

9.1 

10 

but  were  aborted  by  the  high 

-134 

3.0 

2.3 

2.5 

9.1 

10 

temperature  trip  circuit. 
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(C)  TABLE  7  (cont.) 


Approximate  Ratio  of  Planned  Coolant  Flow 


Duration 


Rate  to  Nominal  Value 


Test 

(sec) 

Sect  I 

Sect  II 

Sect  III 

Sect 

IV  Comments 

1K-3C-135 

1.4 

2.3 

2.0 

8.1 

10 

The  aborts  were  not  caused  by 

-136 

3.0 

2.3 

2.0 

8.1 

10 

high  temperatures ,  but  by 

-137 

1.4 

2.0 

1.8 

7.2 

10 

instrumentation  components  that 

-138 

1. 2  Abort 

2.0 

1.8 

7.2 

10 

were  subsequently  replaced. 

-139 

1.2  Abort 

2.0 

1.8 

7.2 

10 

The  final  three  long  duration 

-140 

1.2  Abort 

2.0 

1.8 

7.2 

10 

tests  were  run  to  record  steady- 

-141 

2 . 5  Abort 

2.0 

1.8 

7.2 

10 

state  temperatures  for  all 

-142 

3.0 

2.0 

1.8 

7.2 

10 

thermocouples.  These  and  all 

-143 

10.0 

2.0 

1.8 

7.2 

10 

subsequent  tests  were  made  with 

-144 

30.0 

2.0 

1.8 

7.2 

10 

injector  0/F  of  2.2. 

-145 

60.0  • 

2.0 

1.8 

7.2 

10 

-146 

1.4 

1.8 

1.6 

9.1 

10 

Coolant  flow  rates  were 

-147 

1.4 

1.6 

1.5 

8.2 

10 

reduced. 

-148 

10.0 

1.6 

1.5 

8.2 

10 

-149 

3.0 

1.6 

1.5 

8.2 

10 

Two  short  duration  (3.0  sec) 

•  -150 

3.0 

1.6 

1.5 

8.2 

10 

instrumentation  checkout  tests 

-151 

10.0 

1.6 

1.5 

8.2 

10 

were  made  and  then  longer 

-152 

30.0 

1.6 

1.5 

8.2 

10 

duration  tests  were  run  to 

-153 

10.0 

1. 6 

1.5 

8.2 

10 

permit  output  of  all  thermo¬ 

-154 

60.0 

1.6 

1.5 

8.2 

10 

couples  to  be  recorded.  Test 

153  was  to  be  60  sec  in 

duration,  but  was  inadvertently 

terminated  after  10  seconds. 

-155 

1.4 

1.6 

1.3 

6.6 

10 

Flow  reduced  in  Sections  II  and 

-156 

10.0 

1.6 

1.3 

6.6 

10 

III.  Three  30  sec  runs  were 

-157 

1.4 

1.6 

1.1 

5.7 

10 

made  to  lecord  all  thermocouple 

-158 

10.0 

1.6 

1.1 

5.7 

10 

readings.  Two  tests  (No.  163 

-159 

30.0 

1.6 

1.1 

5.7 

10 

and  164)  were  shut  down  by  an 

-160 

1.4 

1.6 

1.0 

5.0 

10 

oversensitive  trip  on  the  high 

-161 

10.0 

1.6 

1.0 

5.0 

10 

temperature  trip  circuit. 

-162 

30.0 

1.6 

1.0 

5.0 

10 

-163 

1.6  Abort 

1.6 

1.0 

5.0 

10 

-164 

1. 7  Abort 

1.6 

1.0 

5.0 

10 

-165 

30.0 

1.6 

1.0 

5.0 

10 

-166 

30.0 

1.6 

1.0 

5.0 

10 

-167 

1.4 

1.6 

0.9 

5.0 

10 

Reduction  of  coolant  flows  in 

-168 

10.0 

1.6 

0.9 

5.0 

10 

Sections  II  and  III  continued. 

-169 

1.4 

1.6 

0.8 

5.0 

10 

Heat  marks  of  dark  straw  color 

-170 

10.0 

1.6 

0.8 

5.0 

10 

apparent  at  end  of  Test  175. 

-171 

30.0 

1.6 

0.8 

5.0 

10 

Heat  marks  are  in  throat  and 

-172 

30.0 

1.6 

0.8 

5.0 

10 

in  cylindrical  section  within 

-173 

1.4 

1.6 

0.7 

5.0 

10 

1-1/2  inches  of  injector. 
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(C)  TABLE  7  (cont.) 


Approximate  Ratio  of  Planned  Coolant  Flow 
Duration  Rate  to  Nominal  Value 


Test 

(sec) 

Sect  I 

Sect  II 

Sect  III 

Sect  IV 

Comments 

1K-3C-174 

10.0 

1.6 

0.7 

5.0 

10 

The  30  sec  runs  were  made  to 

-175 

1.4 

1.6 

0.7 

4.6 

10 

record  all  thermocouple  readings 

-176 

3.0 

1.6 

0.7 

4.6 

10 

The  aborts  of  Tests  178,  x79. 

-177 

30.0 

1.6 

0.7 

4.6 

10 

and  180  were  caused  by  an  over¬ 

-178 

1.0 

Abort 

1.6 

0.7 

4.6 

10 

sensitive  trip  in  the  high 

-179 

2.0 

Abort 

1.6 

0.7 

4.6 

10 

temp'-rature  trip  circuit. 

-180 

2.2 

Abort 

1.6 

0.7 

4.6 

10 

-181 

30.0 

1.6 

0.7 

4.6 

10 

-182 

1.4 

1.8 

0.6 

4.6 

6 

Coolant  flow  in  Section  IV 

-183 

2.1 

Abort 

1.8 

0.6 

4.6 

6 

reduced.  Coolant  flow  in 

-184 

3.0 

1.8 

0.6 

4.6 

6 

Section  I  increased  to  keep  wall 

-185 

10.0 

1.8 

0.6 

4.U 

6 

temperatures  below  1500°F. 

-185 

2.0 

1.8 

0.6 

4.6 

4.6 

Test  183  was  shut  down  by  an 

-187 

2.0 

1.8 

0.6 

4.6 

3.2 

oversensitive  trip  in  the  high 

-188 

10.0 

1.8 

0.6 

4.6 

3.2 

temperature  trip  circuit. 

-189 

30.0 

1.8 

0.6 

4.6 

3.2 

-190 

30.0 

1.8 

0.6 

4.6 

3.2 

-191 

10.0 

1.8 

0.6 

4.6 

3.2 

Steady  state  duration  testing. 

-192 

400.0 

1.8 

0.6 

4.6 

3.2 

-193 

400.0 

1.8 

0.6 

4.6 

3.2 

-194 

10.0 

1.8 

0.6 

4.6 

3.2 

Duty  cycle  demonstration. 

-195 

400.0 

1.8 

0.6 

4.6 

3.2 

-196 

400.0 

1.8 

0.6 

4.6 

3.2 
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(C)  TABLE  8 

SUMMARY  OF  N^O, -COOLED  CHAMBER  TEST  CONDITIONS  (1000  lb  THRUST)  (U) 
2  4 


Approximate  Ratio  of  Planned  Coolant  Flow 

Duration  Rate  to  Nominal  Value _ 

Test  (sec)  Sect  I  Sect  II  Sect  III  Sect  IV 


1K-3C-197 

-198 


0.4 

0.5  Abort 


-199 

0.5 

Abort 

2.2 

2.0 

3.2 

1.2 

-200 

0.5 

Abort 

2.2 

2.0 

3.2 

1.2 

-201 

0.6 

2.2 

2.0 

3.2 

1.2 

-202 

1.0 

2.2 

2.0 

3.2 

1.2 

-203 

1.2 

Abort 

2.2 

2.0 

3.2 

1.2 

-204 

2.0 

2.2 

2.0 

3.2 

1.2 

-205 

5.0 

2.2 

2.0 

3.2 

1.2 

•  -206 

0.5 

Abort 

2.2 

2.0 

3.2 

1.2 

-207 

5.0 

2.2 

2.0 

3.2 

1.2 

-208 

2.0 

2.2 

2.0 

3.2 

1.2 

-209 

8.5 

Abort 

2.2 

2.0 

3.2 

1.2 

-210 

32.0 

2.2 

2.0 

3.2 

1.2 

-211 

22.0 

Abort 

2.2 

2.0 

3.2 

1.2 

-212 

28.0 

2.2 

2.0 

3.2 

1.2 

-213 

21.7 

Abort 

2.2 

2.0 

3.2 

1.2 

-214 

23.5 

Abort 

2.2 

2.0 

3.2 

1.2 

-215 

50.0 

2.2 

2.0 

3.2 

1.2 

-216 

100.0 

2.2 

2.0 

3.2 

1.2 

-217 

1.6 

Abort 

2.2 

2.0 

3.2 

1.2 

-218 

100.0 

2.2 

2.0 

3.2 

1.2 

-219 

30.0 

2.2 

2.0 

3.2 

1.2 

-220 

30.0 

2.2 

2.0 

3.2 

1.2 

-221 

86.0 

2.2 

2.0 

3.2 

1.2 

Comments 

Initial  test  at  1000  lb  thrust 
of  short  duration  to  minimize 
risk  to  hardware.  Test  198 
was  shut  down  ty  trip  circuit 
because  of  high  temperature 

in  throat  section. _ 

Coolant  flow  in  Section  III 
(throat)  increased.  Chamber 
plenum  bleed  system  was  by¬ 
passing  coolant  from  Section 
III  to  Section  IV.  Trip  circuit 
prevented  damage  to  chamber 
(Tests  199  and  200) .  Bleed 
system  was  removed  after  Test 
200.  Temperatures  in  throat 
peaks  near  1500. F,  the  trip 
setting,  and  occasionally  cause 
an  abort  (Tests  203  and  206). 
Long  duration  (30-50  sec)  tests 
planned.  Thermocouples  4-1  and 
9-2  operating  near  1500®F 
causing  abort.  Final  Test  (215) 
made  with  trip  setting  between 
1600  and  1750'’F. 


Long  duration  and  duty  cycle 
(Test  221)  demonstration  tests. 
Abort  caused  by  low  temperature 
setting  on  trip  circuit.  Test 
219  and  220  were  made  with  in¬ 
jector  0/F  of  2.0  and  2.2; 
respectively.  All  other  1000  lb 
thrust  tests  were  conducted  with 
injector  0/F  of  2.1. 
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V,  D,  Cooled  Chamber  Test  Firing  (cont.) 

(U)  A  mild  excursion  in  the  readings  of  thermocouples 
in  line  with  a  radial  projection  through  the  injector  elements  was  noted  on 
startup.  This  temperature  spike  increased  in  magnitude  and  duration  as  the 
coolant  flows  were  reduced.  This  transient  was  most  severe  in  the  throat 
(recorded  on  Thermocouple  2-3)  and  in  Section  I  about  1.5  inches  from  the 
injector  (recorded  on  Thermocouple  8-2).  The  temperature  transient  is  illus¬ 
trated  in  Figure  31  in  which  response  of  throat  thermocouples  in  line  with 
injector  elements  (TC  2-3)  and  between  elements  (TC  2-7)  are  plotted  versus 
time  for  Test  1K-3C-111. 


I 

I 

fl 


(C)  Several  system  variables  were  investigated  in  an 
attempt  to  reduce  the  thermal  startup  transient.  The  peak  temperature  (TC  2-3) 
was  reduced  from  approximately  570‘’F  to  approximately  430°F  by  lengthening  the 
oxidizer  lead  time  to  the  injector  to  0.400  sec.  3y  increasing  the  injector 
MR  from  2.0  to  2.2  the  peak  temperature  was  reduced  to  approximately  llO^F. 
Reducing  the  rate  at  which  the  fuel  valve  opened  made  the  transient  slightly 
more  severe.  Because  of  the  behavior  of  the  thermocouple  in  line  with  the 
injector  elements  it  is  hypothesized  that  during  startup  the  injection 
velocities  are  too  low  for  good  atomization  and  raw  fuel  is  carried  to  the 
wall  where  it  combusts  with  the  oxidizer  coolant.  As  coolant  flow  was  reduced 
and  steady-state  wall  temperatures  increased  the  transient  temperatures 
(TC  2-3)  peaked  about  450'’F  above  the  steady  state  value. 

(U)  Twenty  of  the  N20^-cooled  chamber  tests  were  shut 
down  by  the  high  temperature  trip  circuit  prior  to  the  planned  shutdown.  The 
first  of  these  aborts  was  caused  by  the  response  characteristics  of  the 
amplifiers  in  the  instrumentation  circuits.  Replacement  of  these  amplifiers 
terminated  these  false  shutdowns.  Subsequent  aborts  were  caused  either  by 
inaccuracies  in  the  trip  setting,  operation  with  temperatures  near  the  trip 
setting,  or  by  the  thermal  transient  response  characteristics  of  the  cooled 
chamber. 
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V,  D,  Cooled  Chamber  Test  Firing  (cont.) 

(C)  The  chamber  thermal  characteristics  are  illustrated 
in  Figure  32.  The  figure  depicts  the  temperature  transient  that  was  recorded 
on  thermocouple  TC  9-2  (Section  I),  and  TC  4-7  (Section  II)  during  Test 
1K-3C-215.  The  locations  of  these  thermocouples  are  shown  in  Figures  21  and 
23.  From  Figure  32  it  can  be  seen  that  aborts  that  occurred  shortly  after 
ignition  were  caused  by  the  spike  in  the  response  of  thermocouple  TC  4-7,  and 
that  the  aborts  that  occurred  approximately  20  sec  after  ignition  were  caused 
by  the  increase  in  temperature  level  at  that  time  of  thermocouple  TC  9-2  to 
approximately  IbOO^F  which  is  in  excess  of  the  nominal  1500®F  trip  setting. 

(U)  In  many  cases  aborts  occurred  during  an  attempt  to 
repeat  a  long  duration  (^30  sec)  firing,  for  example  Tests  1K-3C-163,  -164, 

-178,  -179,  -180,  -211,  -213,  -214,  and  -217.  Since  no  changes  had  been  made 
to  either  coolant  flow  rates  or  total  propellant  flow  rates  and  adequate 
cooling  had  been  demonstrated  by  the  earlier  test,  the  trip  settings  were 
increased  to  1600-1750*’F  to  permit  the  tests  to  be  run. 

(U)  Not  all  of  the  aborts  resulted  from  inaccuracies 
in  the  trip  setting  or  from  spikes  and  random  variations  in  the  peak  transient 
temperatures.  High  temperatures  that  resulted  from  insufficient  coolant  flow 
through  the  platelets  in  Section  III  caused  the  aborts  of  Tests  1K-3C-198,  -199, 
and  -200.  Inadequate  coolant  flow  was  metered  to  Section  III  in  Test  1K-3C-198, 
and  in  Tests  -199  and  -200  a  malfunction  of  the  vent  system  bypassed  coolant 
flow  from  Section  III  to  Section  IV.  The  vent  system  was  used  to  vent  gas 
from  each  coolant  section  during  fill  prior  to  each  firing  as  is  discussed  in 
Section  IV, C, 2.  The  vent  system  was  removed  after  Test  1K-3C-200  and  was  not 
used  in  testing  the  CIF^  cooled  chamber. 

(U)  The  coolant  flow  rates  for  each  section  for  the 
1000  lb  thrust  operating  conditions  were  selected  on  the  basis  of  the  100  lb 
thrust  results  subject  to  the  constraints  of  available  venturies,  venturi 
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V,  D,  Cooled  Chamber  Test  Firing  (cont.) 

recovery  pressures,  hydraulic  characteristics  of  the  chamber,  etc.  Tests 
1K-3C-197  and  -198  indicated  that  the  flow  rate  to  Section  III  had  to  be 
increased  to  a  value  greater  than  that  initially  selected.  The  flow  rates 
to  all  other  sections  were  retained  at  the  initial  value. 

(U)  The  final  ^2©^  100  lb  thrust  and  1000  lb  thrust 
test  conditions  are  summarized  in  Table  9. 

(C)  The  final  demonstration  tests  at  100  psia  chamber 
pressure,  100  lb  thrust  could  have  been  made  with  a  lower  coolant  flow  rate 
since  the  coolant  flow  in  chamber  Sections  II,  III,  and  IV  had  not  been 
reduced  to  a  point  of  producing  a  1500®F  maximum  wall  temperature  in  those 
sections.  The  decision  to  terminate  the  coolant  optimization  was  influenced 
by  the  following: 


(U)  1.  Sufficient  data  had  been  obtained  to  adequately 

evaluate  the  concept.  There  was  abundant  data  for  evaluation  of  the  effect  of 
coolant  flow  in  each  section  on  wall  temperature  and  performance.  Flow  in 
Section  II  had  been  reduced  16  times,  for  example. 

(U)  2.  Thermocouples  were  failing  as  a  result  of 

thermal  cycling  and  attack  of  ^26^  and  nitric  acid  on  the  aiumel  in  the  thermo¬ 
couple  junction.  Continued  testing  at  the  low  thrust  condition  would 
drastically  reduce  the  number  of  surface  thermocouples  that  would  be  available 
for  the  1000  psia  testing. 

(C)  3.  Transient  wall  temperatures  of  1A50®F  were 

occurring  in  Section  III.  Further  reduction  of  the  flow  in  that  section  would 
have  increased  the  number  of  aborts  caused  by  the  high  temperature  trip  circuit 
or  would  have  required  a  higher  trip  setting  which  compromises  the  protection 
afforded  the  chamber. 
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V,  D,  Cooled  Chamber  Test  Firing  (cont.) 

(C)  In  the  1000  lb  testing  no  attempt  was  made  to 
optimize  the  coolant  flow  in  Section  IV,  i.e. ,  to  decrease  the  coolant  flow 
until  a  ISOO^F  wall  temperature  was  obtained.  The  main  consideration  prompting 
this  decision  was  the  number  of  thermocouples  that  lost  continuity  during  the 
change  over  of  the  stand  (lines,  transducers,  load  cells,  etc.)  from  operation 
at  100  lb  thrust  to  1000  lb  thrust.  This  loss  of  thermal  instrumentation 
would  be  aggravated  by  the  additional  downtime  that  would  be  required  to 
change  the  flow.  Both  surface  thermocouples  in  the  throat  (2-3  and  2-7)  were 
inoperative.  The  1500®F  temperature  shown  for  Section  III  in  Table  9  was 
inferred  from  thermocouples  2-2  and  2-6  that  are  0.015  in.  below  the  surface. 
Thermocouple  1-2,  the  only  remaining  thermocouple  in  Section  IV,  failed  or 
Test  1K-3C-216. 

(U)  For  the  most  part  coolant  flow  rates  were  in  excess 
of  the  nominal  values  that  were  calculated  as  giving  a  1500®F  wall  temperature 
in  each  section.  Postfire  inspection  of  the  chamber  indicated  that  the 
injector  pattern  was  producing  localized  high  temperature  zones  or  streaks  on 
the  chamber  wall.  The  coolant  flow  rates  were  dictated  by  these  hot  streaks, 
although  80  to  85%  of  the  chamber  surface  area  was  overcooled,  often  by  as  much 
as  1000®F.  The  effect  of  injector  streaking  was  much  more  severe  than  antici¬ 
pated  and  is  discussed  in  detail  in  Section  IV, C. 

b.  CiF^  Testing 

(U)  The  ClF^  cooled  chamber  V7as  initially  tested  at 
100  lb  thrust.  The  100  lb  thrust  and  1000  lb  thrust  test  conditions  are  sum¬ 
marized  in  Tables  10  and  11.  At  the  end  of  the  first  series  of  tests  (Test 
1K-3D-104)  the  water  coolant  manifold  in  the  forward  flange  of  the  housing 
(see  Figure  10,  Section  IV, C)  was  leaking.  The  chamber  was  removed  from  the 
stand  and  put  through  several  flushing  and  drying  cycles. 
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(C)  TABLE  10 

SUMMARY  OF  PHASE  I  CIF^-COOLED  CHAMBER  TEST  CONDITIONS  (100  LB  THRUST)  (U) 


Approximate  Ratio  of  Planned  Coolant  Flow 
Duration  Rate  To  Nominal  Value 


Test 

(sec) 

Sect  1 

Sect  11 

Sect  III 

Sect  IV 

Comments 

1K-3D-101 

Cold 

Flow 

2.1 

2.0 

4.8 

3.3 

Test  No.  101  was  a  cold 

-102 

1.5 

2.1 

2.0 

4.8 

3.3 

flow  checkout  of  the 

-103 

2.1 

2.1 

2.0 

4.8 

3.3 

chamber  hydraulic  charac¬ 

-104 

11.0 

2.1 

2.0 

4.8 

3.3 

teristics  using  CIF3. 

-105 

1.8 

1.4 

1.4 

3.8 

1.8 

Coolant  flow  in  all 

-106 

2.7 

1.4 

1.4 

3.8 

1.8 

sections  reduced  followed 

-107 

2.2 

Abort 

1.4 

1.4 

3.8 

1.8 

by  subsequent  reduction 

-108 

11.0 

1.4 

1.4 

3.8 

1.8 

of  coolant  flow  to 

-109 

2.9 

Abort 

1.4 

1.4 

3.8 

1.8 

Section  II.  The  high 

-110 

21.2 

Abort 

1.4 

1.4 

3.8 

1.8 

temperature  trip  circuit 

-111 

10.9 

1.4 

1.0 

3.8 

1.8 

was  set  for  1200‘’F,  but 

-112 

27.8 

1.4 

1.0 

3.8 

1.8 

produced  three  shutdowns 

although  the  maximum 
temperature  recorded  on 
oscillograph  was  IIZO^F. 


-113 

15.0 

1.4 

0.6 

3.8 

1.8 

Coolant 

flow 

reduced  in 

-114 

78.0 

1.4 

0.6 

3.8 

1.8 

Section 

II. 

Last  test 

was  long  duration 
demonstration. 


(C)  TABLE  11 

SUMMARY  OF  PHASE  I  CIF^-COOLED  CHAMBER  TEST  CONDITIONS  (1000  LB  THRUST)  (U) 


Approximate  Ratio  of  Planned  Coolant  Flow 
Duration  Rate  To  Nominal  Value 


Test 

(sec) 

Sect  I  Sect  II 

Sect  III 

Sect  IV 

Comments 

1K-3D-115 

0.4 

2.0  . 

1.9 

3.3 

1.2 

Chamber  was  eroded  on  last 

-116 

1.4 

2.0 

1.9 

3.3 

1.2 

test  which  was  planned  for 

-117 

2.0 

2.0 

1.9 

3.3 

1.2 

50  sec  duration.  Abort  by 

-118 

2.4  Abort 

2.0 

1.9 

3.3 

1.2 

high  temperature  trip 
circuit  came  too  late. 
Platelets  plugged  by 

NiF2  ’  ^(^2®^  salt  formed 
because  of  water  leak  into 
chamber. 
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V,  D,  Cooled  Chamber  Test  Firing  (cont.) 

(U)  When  the  chamber  was  examined  it  was  found  that  the 
water  leak  was  caused  by  pin-holes  on  the  injector  side  of  the  water  coolant 
manifold.  After  repair  by  welding  the  chamber  was  returned  to  the  test  stand. 
Eight  additional  tests  were  made.  Figure  33  shows  the  ClF^-cooled  chamber  on 
the  stand  at  the  conclusion  of  these  tests  (Tests  1K-3D-105  through  112). 

(U)  The  water  coolant  manifold  was  again  leaking  after 
Test  1K-3D-112.  The  chamber  was  removed  from  the  stand  and  cleaned  as  before. 
Repair  by  welding  could  not  be  made  as  leakage  was  occurring  on  the  chamber 
platelet  side  of  the  flange.  In  order  to  effect  a  repair  the  stainless  steel 
manifold  was  removed  by  dry  machining,  and  a  new  nickel  manifold  was  welded 
in  place.  Tests  1K-3D-113  (15  sec)  and  1K-3D-114  (78  sec)  were  made  after 
this  repail . 


(C)  Water  leaked  from  the  manifold  into  Section  1  during 
Test  1K-3D-114.  The  water  manifold  was  pressurized  to  400  psia.  Chamber  pres¬ 
sure  was  112  psia  and  the  Section  I  plenum  pressure  was  approximately  150  psia. 
The  reaction  between  the  CIF^  and  the  water  caused  the  pressure  and  tempera¬ 
tures  in  Section  I  to  begin  rising  about  20  sec  after  ignition  until  the  high 
temperature  trip  circuit  aborted  the  test  (see  Figure  34) .  The  temperature 
transient  produced  an  1685°F  peak  temperature  (TC  8-2,  Section  I).  There  was 
no  damage  to  the  chamber. 

(U)  The  chambe’-  was  removed  and  cleaned  again  and  the 
water  manifold  was  again  removed  by  machining.  Examination  showed  that  the 
weld  on  the  chamber  side  of  the  flange  had  been  made  with  a  single  pass  and 
was  porous.  The  manifold  was  again  replaced.  All  welds  were  made  with  a 
root  pass  and  multiple  filler  passes.  No  further  leakage  occurred. 

(U)  While  the  chamber  was  being  repaired  the  stand  was 
set  up  for  1000  lb  thrust  testing.  This  changeover  was  made  so  that,  if  the 
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V,  D,  Cooled  Chamber  Test  Firing  (cont.) 

water  coolant  manifold  leak  persisted,  data  could  be  obtained  at  1000  lb  thrust 
conditions  before  the  problem  became  so  severe  as  to  preclude  testing.  At  this 
point  steady-state  operation  at  100  lb  thrust  had  been  adequately  demonstrated 
in  the  critical  throat  section  during  the  78  sec  test  1K-3D-114. 

(U)  Prior  to  initiation  of  the  testing  at  1000  lb  thrust 
a  cold  flow  test  was  made  on  the  stand  using  CIF^*  During  the  test  the  pres¬ 
sure  drop  across  the  10  micron  (absolute) ,  (2  micron  nominal)  filter  in  the 
oxidizer  coolant  circuit  increased  from  40  to  800  psi.  One  of  the  bottles  of 
CIF^  used  to  fill  the  CIF^  run  tank  evidently  contained  a  contaminant.  The 
filter  was  removed  and  cleaned.  Passivation  was  accomplished  by  opening  the 
run  tank  safety  valve  for  a  short  duration  to  introduce  CIF^  vapors  into  the 
feed  line.  This  process  was  repeated  using  longer  valve  open  times  and  finally 
with  the  tank  pressurized. 

(U)  Tests  1K-3D-115  (0.4  sec)  and  1K-3D-116  (1.4  sec) 
were  made.  By  the  end  of  Test  1K-3D-116  the  pressure  drop  across  the  filter 
had  increased  to  410  psi.  This  pressure  drop  reduced, the  pressure  upstream  of 
the  cavitating  venturis  that  control  the  coolant  flow  to  the  chamber.  A  larger 
capacity  filter  was  added  to  the  oxidizer  coolant  line  upstream  of  the  existing 
filter  and  upstream  of  the  coolant  valve. 

(U)  Passivation  of  this  filter  was  attempted  too  rapidly. 
Upon  opening  the  oxidizer  safety  valve  the  second  time  excessive  CIF^  was 
introduced  in  the  line;  the  filter  reacted  explosively  with  the  CIF^-  This 
reaction  triggered  secondary  burn-through  in  the  line  and  in  the  coolant  inlet 
manifold.  Both  filters,  the  flowmeter  and  the  chamber  coolant  valve  were 
severely  damaged.  There  was  no  damage  to  the  chamber. 
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V,  D,  Cooled  Chamber  Test  Firing  (cont.) 

(U)  The  feed  system  was  refurbished  and  the  damaged 
parts,  including  the  coolant  inlet  manifold,  were  replaced.  In  order  to  elim¬ 
inate  future  contamination  of  the  feed  system  the  CIF^  run  tank  was  drained, 
flushed  twice  with  Freon  113  and  dried  with  nitrogen  gas.  The  tank  and  feed 
system  were  passivated  with  CIF^  vapors  mixed  with  GN^-  The  entire  system  was 
pressurized  to  2200  psia  with  a  high  concentration  of  CIF^  vapors  in  nitrogen 
gas  and  held  for  two  hours. 

(U)  Filling  of  the  run  tank  was  initiated  by  inverting 
the  CIF^  bottle  so  that  liquid  rather  than  CIF^  vapor  flowed  in  the  fill  line. 
As  part  of  the  fill  process  the  CIF^  supply  bottle  was  pressurized  with 
150  psia  nitrogen  gas.  After  the  GN^  supply  valve  was  opened  to  pressurize 
the  ClF^  bottle  the  filter  in  the  fill  system  ignited.  This  was  unexpected 
since  all  of  the  CIF^  used  in  passivation  had  passed  through  the  filter. 

Since  a  similar  filter  element  was  mechanically  damaged  by  the  drying  nitrogen 
gas  flow  in  the  cleaning  process  it  is  probable  that  the  high  velocity  flow  of 
nitrogen  gas  in  the  reverse  direction  through  the  fill  system  filter  caused 
mechanical  damage;  the  passivation  layer  of  the  filter  element  was  thereby 
disrupted  and  ignition  with  residual  CIF^  occurred.  The  damaged  filter  was 
replaced  and  passivated,  the  nitrogen  pressure  was  reduced  to  50  psia,  and 
the  propellant  transfer  was  completed. 

e 

(U)  Test  1K-3D-117  was  aborted  by  the  high  temperature 
trip  circuit  2.29  seconds  after  ignition.*  The  abort  was  caused  by  thermo¬ 
couple  TC  9-4  (Section  I)  which  was  oscillating  between  a  zero  and  full  scale 
reading.  Postfire  visual  inspection  of  the  chamber  was  made;  the  chamber  was 
in  excellent  condition.  There  was  no  sign  of  erosion  or  damage  in  the  vicinity 
of  the  erratic  thermocouple.  The  water  coolant  manifold  was  not  leaking. 


*Ignition  and  shutdown  are  defined  as  occurring  when  the  fuel  valve  is 
energized  and  de-energiz<.  i. 
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V,  D,  Cooled  Chamber  Test  Firing  (cont.) 

(U)  Test  1K-3D-118,  the  final  test  of  Phase  I  of  this 
program,  was  to  be  50  sec  in  duration.  The  test  was  aborted  by  the  high 
temperature  trip  circuit  (TC  2-7,  Section  III)  2.44  sec  after  ignition. 

Severe  erosion  of  the  chamber  occurred  during  this  test.  Figure  35  shows  the 
damage  to  the  throat  and  at  the  forward  end  of  the  chamber. 

(U)  Upon  disassembly  of  the  chamber  a  green  salt  was 
found  in  the  thermal  influence  zone  of  the  platelets.  It  was  located  predomi¬ 
nantly  in  the  lower  part  of  the  horizontally  mounted  chamber  where  the  water 
stood  after  Test  1K-3D-114,  the  last  test  of  the  100  psia  series.  Platelets 
forward  of  the  damaged  area  in  the  chamber  section  (see  Figure  35)  and  one 
from  the  convergent  section  can  be  seen  in  Figure  36.  The  whitish  appearing 
material  opposite  the  cut-out  section  is  the  salt.  This  photograph  shows  both 
the  plugged  area  and  the  absence  of  plugging  in  the  primary  and  secondary 
metering  grooves.  Although  the  platelets  in  Figure  36  are  distribution  plate¬ 
lets,  the  flow  paths  of  the  metering  platelet  are  evidenced  by  discoloration. 

No  salt  was  found  in  these  areas.  The  salt  found  in  the  thermal  influence 
zones  was  analyzed  by  X-ray  diffraction  and  found  to  be  NiF2  •  4(H20). 

(U)  The  temperature  transients  recorded  by  several 
thermocouples  during  the  final  test  are  given  in  Figure  37.  Thermocouple  9-4 
(Section  I) ,  which  was  located  in  the  damaged  zone,  failed  during  the  previous 
test.  Thermocouple  9-2  (Section  I),  which  was  located  in  the  same  instrumenta¬ 
tion  platelet  as  TC  9-4  but  90®  circumferentially  from  the  damaged  area,  gave 
no  indication  of  plugging.  The  thermal  transient  indicated  by  thermocouple 
TC  8-2,  which  is  in  line  with  the  damaged  area,  is  similar  to  the  transient 
analytically  predicted  for  no  cooling  in  a  low  heat  flux  (non-streaking) 
location.  (See  Section  VI, D, 2  for  basis  of  selection  of  film  coefficient 
multipliers  of  1.5  and  0.77  used  in  analysis  and  shown  in  Figure  37.) 
Thermocouple  2-7,  (Section  III),  located  in  the  damaged  area  in  the  throat, 
was  the  first  thermocouple  to  indicate  the  excursion.  The  transient  recorded 
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Figure  36.  Platelets  From  Damaged  CIF^-Cooled  Chamber  Showing  Plugging  (u) 
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V,  D,  Cooled  Chamber  Test  Firing  (cont.) 

on  this  thermocouple  is  not  indicative  of  plugging:  the  thermocouple  indi¬ 
cates  steady  state  operation  for  1.5  sec  after  the  throat  would  be  predicted 
to  fail  with  no  coolant  flow;  the  excursion  is  at  a  rate  of  10000“F/sec,  which 
approaches  the  response  time  of  the  thermocouple  and  is  far  more  rapid  than 
would  be  predicted  for  no  coolant  flow.  The  response  suggests  ignition  of  the 
platelet  with  CIF^  resulting  from  impingement  of  reacting  metal. 

(U)  These  data,  the  visual  evidence  of  local  plugging 
where  water  stood  in  the  chamber,  and  the  composition  of  the  salt  all  indicate 
that  the  salt. was  formed  after  Test  1K-3D-114  when  v/ater  stood  in  the  chamber. 
Flushing  failed  to  remove  this  salt  which  obstructed  the  flow  of  coolant  into 
local  areas.  Failure  of  the  wall  apparently  occurred  first  in  the  chamber 
section;  throat  region  damage  was  initiated  by  reacting  metal  that  was  carried 
to  it  from  the  chamber  region. 

(U)  Two  very  significant  conclusions  which  could  be 
drawn  at  the  completion  of  Phase  I  testing  with  regard  to  the  operational 
aspects  of  the  TRANSPIRE  concept  with  ClF^  were: 

(U)  1.  Intricate  passage  geometries  can  be  passivated 

successfully  for  CIF^  service. 

(C)  2.  Passivated  nickel  sheet  stock  doe;s  not  ignite 

with  C1F_  at  temperatures  up  to  approximately 
1700“F. 

(U)  The  final  ClF^  100  lb  thrust  and  1000  lb  thrust 
test  conditions  are  summarized  in  Table  12. 
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V,  D,  Cooled  Chamber  Test  Firing  (cont.) 

2.  Phase  II 

(U)  The  first  two  tests  with  the  Phase  II  ClF^-cooled 
chamber  were  run  with  the  venturis  in  the  inject  ;r  fuel  and  oxidizer  circuits 
inadvertently  reversed.  Operation  of  the  cooled  chamber  at  the  highly  fuel 
rich  conditions  that  resulted  (injector  mixture  ratio  of  0.83),  produced  some 
heat  marks  near  the  injector  where  the  fuel  from  the  eight  unlike  doublet 
elements  impinged  on  the  wall.  The  chamber  was  not  damaged. 

(U)  Ten  cooled  chamber  tests  were  made  with  the  venturis 
properly  Installed  in  the  Injector  propellant  feed  circuits.  The  coolant  flow 
rates  to  chamber  Sections  II  and  III  were  reduced  twice.  The  total  duration 
on  the  chamber  was  21.88  sec,  and  the  longest  single  firing  duration  was 
8.86  sec.  All  tests  were  made  at  approximately  1000  lb  thrust  and  1000  psia 
chamber  pressure.  The  cooled  chamber  operating  conditions  are  summarized  in 
Table  13. 

(C)  Test  1K-5B-109  was  aborted  by  the  automatic  trip  circuit 
when  thermocouple  TC  7-1  reached  1517®F.  The  trip  was  set  at  1500®F.  The 
trip  was  reset  to  1650®F  and  Test  1K-5B-110  was  made.  Thermocouple  TC  7-1 
read  approximately  1500®F  during  this  test.  Approximately  seven  seconds  into 
the  test  thermocouple  TC  7-1  failed;  the  erratic  behavior  of  this  thermocouple 
subsequently,  aborted  the  test. 

(U)  The  chamber  pressure  (P^,)  tap  plugged  during  Test 
1K-5B-109.  The  injector  was  removed  from  the  chamber  after  Test  1K-5B-110  to 
permit  the  pressure  tap  to  be  unplugged.  Figure  38  shows  the  condition  of 
chamber  after  this  test.  There  were  four  small  heat  marks  90®  apart  on  the 
chamber  wall  next  to  the  injector  at  the  location  of  the  four  O-F-0  folded 
triplet  elements.  The  other  small  areas  of  discoloration  on  the  chamber 
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(C)  TABLE  13 

SUMMARY  OF  PHASE  II  COOLED  CHAMBER  TEST  CONDITIONS  (U) 


Flow  Ratio 
(Coolant  Flow  Rate/ 
Duration  Nominal  Flow  Rate) 


Test  No. 

(sec) 

Sect  I 

Sect  II 

Sect  III 

Comments 

1K-5B-101 

0.42 

2.6 

2.0 

2.4 

Injector  fuel  and  oxidizer 

-102 

0.75 

2.6 

2.0 

2.4 

venturis  reversed.  Injector 
0/F  =  0.83,  TCA  0/F  -  1.8. 

-103 

0.46 

2.6 

2.0 

2.4 

Injector  venturis  corrected. 

-104 

0.75 

2.6 

2.0 

2.4 

Tests  105  and  106  were  shut 

-105 

0.79 

Abort 

2.6 

2.0 

2.4 

down  by  the  high  temperature 

-106 

2.43 

Abort 

2.6 

2.0 

2.4 

trip  circuit  (TC  7-1) .  Trip 
setting  was  1000°F. 

-107 

0.44 

2.4 

1.5 

2.2 

Tests  109  and  110  were  shut 

-108 

1.38 

2.4 

1.5 

2.2 

down  by  the  high  temperature 

-109 

4.11 

Abort 

2.4 

1.5 

2.2 

trip  circuit  (TC  7-1) .  Trip 

-110 

8.86 

Abort 

2.4 

1.5 

2.2 

was  set  at  1500“F  for  Test 
109.  The  abort  of  Test  110 
was  caused  by  failure  of 

TC  7-1.  The  Pc  tap  plugged 
during  Tests  109  and  110. 

-111 

0.45 

2.5 

1.3 

1.6 

Nozzle  eroded  on  Test  112. 

-112 

1.04 

2.5 

1.3 

1.6 

Temperatures  in  throat  and 
upstream  of  throat  were  all 

less  than  1000°F. 
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V,  D,  Cooled  Chamber  Test  Firing  (cont.) 

surfrce,  seen  in  Figure  38,  were  produced  during  the  first  two  tests.  Except 
for  these  conditions  the  rest  of  the  chamber  is  in  excellent  condition. 

(U)  Testing  was  terminated  because  of  erosion  of  the  diver¬ 
gent  section  of  the  nozxle  during  Test  1K-5B-112.  The  damage  is  shown  in 
Figure  39.  Erosion  occurred  on  about  half  of  the  surface  of  the  divergent 
section,  but  did  not  include  the  throat.  The  rest  of  the  chamber  is  in  excel¬ 
lent  condition.  All  pressures,  temperatures  and  propellant  flow  rates  were 
normal  throughout  the  test.  The  failure  was  detected  by  visual  inspection  of 
the  chamber  after  the  test. 

(U)  The  aft  end  of  the  chamber  housing  was  removed  by 
machining  so  that  the  damaged  section  could  be  removed  for  inspection  without 
disturbing  the  undamaged  convergent  and  cylindrical  platelet  sections.  The 
inlets  to  the  platelets  in  the  damaged  section  were  examined  for  plugging; 
the  results  were  negative.  No  evidence  of  blockage  in  the  primary  or  secon¬ 
dary  metering  grooves  was  found.  About  one-third  of  the  damaged  section  was 
disassembled  platelet-by-platelet.  There  was  neither  evidence  of  salting  or 
plugging  in  the  thermal  diffusion  zones  nor  visual  evidence  of  coolant  leakage 
to  the  outside  of  the  chamber  housing.  Also  the  plenum  pressure  readings  in 
Sections  II  and  III  were  normal,  indicating  that  there  was  no  leakage  of 
coolant  from  Section  III  to  Section  II. 

(U)  The  time  required  to  fill  the  platelets  in  the  divergent 
section  with  coolant  was  re-evaluated  using  the  start  transient  data  from  Test 
1K-5B-112.  It  was  concluded  that  the  coolant  lead  time  was  inadequate;  the 
platelets  in  the  divergent  section  were  not  filled  with  coolant  at  the  initia¬ 
tion  of  the  firing.  The  erosion  was  the  result  of  overheating  the  uncooled 
platelets.  Two  factors  caused  the  actual  fill  time  to  be  greater  than  that 
calculated  before  the  test,  namely,  the  presence  of  nitrogen  purge  gas  in  the 
coolant  manifolding  and  depth  of  etch  in  the  thermal  diffusion  zone  20% 
greater  than  nominal. 
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V,  D,  Cooled  Chamber  Test  Firing  (cont.) 

(U)  Nitrogen  gas  used  in  the  prefire  purge  filled  the 
coolant  manifolding  to  a  pressure  of  approximately  100  psia.  This  gas  is 
trapped  by  the  coolant  and  is  vented  t’^rough  the  platelets.  Since  Section  III 
is  comprised  of  low  and  high  resistance  platelets,  the  pressurization  provided 
by  this  gas  during  coolant  fill  causes  coolant  to  flow  out  of  the  platelets 
with  low  hydraulic  resistance,  thus  Increasing  the  time  required  to  completely 
fill  the  plenum  of  Section  III.  The  platelets  in  the  divergent  section  have 
the  highest  hydraulic  resistance,  and  have  one  inlet  at  the  top  and  one  inlet 
at  the  bottom  of  the  horizontally-mounted  chamber,  and  thus  do  not  flow  with 
coolant  at  both  inlets  until  the  trapped  gas  is  bled  off.  The  prefire  fill 
time  analysis  assumed  no  gas  presence  in  the  manifold. 

(U)  The  platelet  fill  time  also  depends  on  the  volume  of 
the  platelet  flow  areas.  The  depths  of  etch  of  six  throat  section  platelets, 
three  of  which  were  taken  from  the  divergent  section,  were  measured.  The 
depths  of  etch  in  the  thermal  diffusion  zone  of  these  platelets  ranged  from 
0.0024  in.  to  0.0032  in.  The  depth  of  etch  of  the  three  platelets  in  the 
divergent  section  was  0.0027  in.  or  greater.  The  prefire  fill  time  calcula¬ 
tions  were  based  on  a  nominal  0.0025  in.  depth  of  etch. 

(U)  Another  factor  which  prevents  the  platelets  from  being 
filled  with  coolant  at  ignition  is  flashing  of  the  coolant.  The  normal  boiling 
point  of  CIF^  at  atmospheric  pressure  is  53®F.  The  CIF^  coolant  enters  the 
chamber  at  temperatures  in  excess  of  53"F  as  the  result  of  heat  transfer  from 
the  tank  and  lines  under  pressure.  During  the  fill  time  preceding  ignition 
the  back  pressure  is  atmospheric  pressure  and  the  coolant  flashes  as  it  leaves 
the  secondary  metering  grooves,  that  is  the  superheat  in  the  liquid  converts 
a  small  fraction  of  the  coolant  to  vapor.  Because  the  density  of  the  vapor  is 
small  compared  to  that  of  the  liquid  a  few  degrees  of  superheat  can  produce  a 
vapor  volume  fraction  in  excess  of  90%.  All  thermocouples  in  the  chamber  indi¬ 
cate  a  drop  in  temperature  from  ambient  to  approximately  33“F  during  the  fill 
time. 
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V,  D,  Cooled  Chamber  Test  Firing  (cont.) 

(U)  Flashing  of  the  coolant  in  the  thermal  influence  zone 
results  in  that  area  rot  being  filled  with  liquid  CIF^  at  ignition.  During 
startup  the  increase  in  chamber  pressure  collapses  the  vapor;  before  the 
platelet  can  be  cooled  the  volume  formerly  occupied  by  the  vapor  must  be  filled 
with  liquid  ClF^.  Since  the  platelets  in  the  nozzle  have  the  largest  volume, 
the  greatest  hydraulic  resistance  and  the  highest  heat  fluxes  they  are  partic¬ 
ularly  susceptible  to  this  startup  problem. 

(U)  Another  factor  that  probably  contributed  to  erosion  of 
the  nozzle  of  the  Phase  II  chamber  is  attachment  of  the  exhaust  plume  to  the 
aft  end  of  the  chamber.  The  platelets  terminate  at  a  1.6:1  area  ratio. 

However,  discoloration  and  erosion  of  the  aft  retainer  used  with  the  CIF^/MHF-S 
ablative  lined  chamber  during  1000  psia  testing  and  discoloration  of  the  aft 
retainer  during  1000  psia  N20^-cooled  chamber  testing,  indicate  that  attachment 
of  the  plume  to  the  aft  end  of  the  chamber  is  occurring.  Experimental  pres¬ 
sure  data  and  Schlieren  photographs,  as  discussed  in  Reference  3,  suggest  that 
the  boundary  layer  remains  attached  to  the  rear  face  of  an  object  in  supersonic 
flow.  Applied  to  the  TRANSPIRE  chambers  this  means  that  the  aft  end  of  the 

cooled  chamber  and  the  last  platelet  in  the  chamber  are  heated  not  only  on  the 

surface  normal  to  flow,  but  on  the  aft  surface  as  well.  A  heat  flux  that  is 
1/8  that  in  the  throat  acting  over  1/4  in.  of  the  aft  surface  introduces  addi¬ 
tional  heat  in  the  last  platelet  sufficient  to  exceed  the  heat  capacity  of  the 
coolant  flowing  across  that  platelet. 

(U)  Summarizing  the  above  discussion,  it  appears  that 
erosion  of  the  Phase  II  chamber  nozzle  resulted  from  inadequate  cooling.  The 
cooling  was  Inadequate  because  of  a  marginal  fill  time  coupled  with  flashing 
of  some  of  the  coolant  in  the  platelets  and  because  of  an  additional  heat  load 

due  to  heating  the  aft  end  by  attachment  of  the  exhaust  plume. 
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V,  D,  Cooled  Chamber  Test  Firing  (cont.) 

(U)  The  final  test  conditions  for  the  Phase  II  chamber  are 
summarized  in  Table  14.  The  temperature  and  flow  conditions  for  both  Test 
1K-5B-110  and  -112  are  shown  since  Test  1K-5B-112  was  not  of  sufficient  dura¬ 
tion  for  thermocouples  other  than  those  in  the  throat  to  reach  their  steady- 
state  value. 
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VI.  RESULTS 

A.  INJECTOR  CHECKOUT 

(U)  The  Injectors  used  in  the  cooled  chamber  tests  were  initially 
fired  with  uncooled  chambers  to  obtain  baseline  injector  performance  values. 

A  summary  of  these  performance  values  for  the  injectors  used  for  cooled  chamber 
testing  is  tabulated  on  Table  15.  The  testing  and  test  conditions  are  described 
in  Section  V,B. 

(C)  In  order  to  insure  that  the  thermal  environment  was  hot  enough 
to  adequately  test  the  cooling  concept  a  goal  of  the  program  was  an  Injector 
combustion  efficiency  of  94%  C*.  As  can  be  seen  in  Table  15,  both  N20^/ 
AeroZINE  50  injectors  (S/N  -2  and  -3)  met  this  goal;  the  performance  of  the 
1000  lb  thrust  CIF^/MHF-O  Injectors  used  for  cooled  chamber  testing  (S/N-4  and 
09)  was  within  1%  of  the  desired  C*  goal.  Only  the  100  lb  thrust  CIF3/MHF-3 
Injector  (S/N  -5)  deviated  in  performance  substantially  from  the  desired  goal. 

(U)  The  N204/AeroZINE  50  and  CIF2/MHF-3  injectors  were  tested 
with  ablative  lined  combustion  chambers  (see  Section  iy,B).  The  internal  con¬ 
tour  of  these  uncooled  chambers  was  identical  to  the  transpiration-cooled 
configurations . 

(U)  Except  for  Injector  S/N  -5,  the  theoretical  C*  values  for  the 

injectors  were  high,  as  indicated  by  Table  15.  However,  C*  values  calculated 

from  test  data  are  valuable  only  for  comparing  consistency  on  a  particular 

configuration  and  not  as  a  real  measure  of  injector  performance.  This  is 

because  measured  is  not  representative  of  combustion  F^.,  and  the  large 

effect  of  boundary  layer  buildup  in  the  throat  for  small  nozzles  is  not 

accounted  for.  Also,  C*  cannot  be  used  with  independently  calculated 

values  for  calculating  specific  impulse  without  introducing  considerable  error 

(4) 

due  to  chamber/nozzle  interactions. 


Page  119 


CONHDENTIAL 


INJECTOR  TEST  PERFORMANCE  SUMMARY  (U) 


CONFIDENTIAL 


CONFIDENTIAL 


AFRP1^TR-67-198 

VI,  A,  Injector  Checkout  (cont.) 

(U)  A  more  valid  measure  of  injector  performance  is  through  the 
use  of  the  parameter  defined  as  energy  release  efficiency,  (ngR) »  also  shown 
in  Table  15.  This  parameter  is  derived  by  utilization  of  the  Interaction 
Theory  Loss  Analysis  performance  model  developed  by  Aerojet,  and  reported  in 
Ref.  (4).  This  method  consists  of  calculating  all  significant  Igp  losses 
except  the  energy  release  loss,  and  subtracting  these  losses  from  the  ideal 
one-dimensional  shifting  equilibrium  Igp  to  define  a  maximum  Igp  availability. 
The  difference  between  this  maximum  Igp  availability  and  the  test  Igp  is  defined 
as  the  energy  release  loss.  One  minus  the  ratio  of  the  energy  release  loss  to 
the  theoretical  Igp  is  the  energy  release  efficiency,  This  energy  release 

efficiency  la  then  corrected  to  a  1:1  nozzle  area  ratio  to  establish  the  com¬ 
bustion  efficiency  without  chamber/nozzle  interaction.  Table  16  lists  the 
significant  losses  for  both  the  N20^/AeroZINE  50  and  CIF3/MHF-3  injector  check¬ 
out  tests. 


(C)  The  energy  release  efficiencies  (h£j^) ,  of  98.4%  and  95.5%  for 
the  N20^/AeroZINE-50  100  lb  thrust  and  1000  lb  thrust  tests,  respectively,  are 
considered  very  good  for  a  combustion  chamber  of  this  small  size.  For  a  small 
chamber,  is  expected  to  be  lower  than  for  a  larger  size  engine  because  of 
element  proximity  to  the  wall.  The  small  chamber  has  a  greater  percentage  of 
elements  in  proximity  to  the  chamber  wall,  resulting  in  less  Interaction  with 
propellants  from  other  elements.  The  low  ngg  values  for  the  CIF^/MHF-S  tests 
appear  to  be  somewhat  characteristic  of  this  propellant  combination. 

(U)  A  summary  of  performance  parameters  for  the  N204/AeroZINE  50 
test  series,  IK- 3-101  through  110,  is  shown  in  Table  17.  As  the  first  step  in 
the  analysis  the  data  were  evaluated  just  prior  to  shutdown  using  the  postfire 
nozzle  throat  area  in  the  calculations.  Exit  areas  were  measured  at  the  con¬ 
clusion  of  all  testing,  and  an  estimate  of  the  area  for  each  test  was  made. 
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(C)  TABLE  17 

N204/AeroZINE  50  INJECTOR  PERFORMANCE  (U) 


Test 

"c* 

psia 

0/F 

%  I 

sp 

(theo) 

%  C* 

(theo) 

Inj 

No. 

1* 

2 

1 

2 

1 

_2 _ 

1 

2 

S/N 

1K-3A-101 

__ 

101 

1.A8 

__ 

93.3 

95.0 

2 

102 

— 

103.5 

— 

1.50 

— 

96.5 

— 

96.0 

2 

103 

10A.5 

lOA.A 

1.72 

1.62 

96. A 

95.7 

99.9 

95.8 

2 

10  A 

105 

105.7 

1.A8 

1.37 

96.5 

95.7 

99.8 

95.5 

2 

1K-3A-105 

9  12 

986 

1.66 

1.66 

93.5 

92.2 

102.5 

101.0 

3 

106 

07  A 

870 

1.67 

1.67 

93.6 

96.5 

101.5 

100.0 

3 

107 

-,-.00 

909 

1.76 

1.76 

92.8 

95.7 

102.2 

99.0 

3 

108 

896 

815 

1.55 

1.55 

92.7 

97.8 

99.5 

99.0 

3 

109 

923 

835 

1.68 

1.67 

92. A 

95.6 

101.6 

100.0 

3 

110 

823 

750 

1.58 

1.58 

92.1 

98.0 

100.0 

98.5 

3 

*1  Initial  steady-state  data,  throat  area  based  on  prefire  measurements 
2  Final  steady-state  data,  throat  area  based  on  postfire  measurements 
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The  results  of  this  analysis,  based  on  the  test  data  just  prior  to  shutdown 
and  postfire  measurements,  yielded  percent  theoretical  Igp  and  C*  performance 
values  that  were  unrealistically  high  for  some  of  the  high  tests,  as  shown 
in  Table  17. 


(U)  To  determine  the  reason  for  the  apparent  performance  discrep¬ 
ancy,  the  ablation  effects  on  the  throat  and  exit  areas  were  examined.  It  was 
noted  that  for  the  high  tests,  with  N204/AeroZINE  50,  a  nozzle  extension 
was  formed  by  the  silica  during  the  test,  as  shown  in  Figure  40.  The  silica 
emanated  from  the  ablative  liner  material  during  firing.  It  was  not  known 
whether  the  silica  had  solidified  during  or  after  the  test.  Formation  before 
termination  of  the  test  would  affect  performance  due  to  an  exit  area  increase. 
Tests  109  and  110  were  analyzed  by  the  following  method  to  determine  the  effect 
of  throat  ablation  and  of  the  silica  extension. 

(U)  First,  a  plot  of  thrust  versus  P^  was  made,  as  shown  in 
Figure  41.  From  thifi  plot  it  was  assumed  that  neither  the  throat  area  nor  the 
exit  area  changed  (no  ablation)  until  F  versus  P^,  began  to  deviate  from  a 
linear  relationship.  This  assumption  is  apparent  for  a  constant  mixture  ratio 
from  the  relation: 


(C  =  constant) 
r 

The  practical  point  selected  for  the  beginning  of  throat  area  change  was  at 
the  maximum  P^  point  in  the  "loop"  shown  in  Figure  41.  Performance  was 
calculated  at  this  point  using  the  prefire  throat  and  exit  area  values. 
Performance  at  this  point  was  6%  lower  in  %  theoretical  I  than  the 
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performance  calculated  from  the  data  taken  prior  to  shutdown  and  from  post¬ 
fire  throat  and  exit  area  evaluations.  Since  the  mixture  ratio  and  flow 
rate  remained  constant,  the  performance  should  not  vary  after  initial  heat-up, 
unless  the  silica  build-up  was  acting  as  a  nozzle  extension. 

(U)  It  was  desirable  to  confirm  the  throat  area  (A^.)  during 
the  test,  as  it  was  questionable  whether  postfire  A^.  represented  actual  Aj, 
during  the  test  due  to  thermal  expansion  effects.  C*  was  calculated  at 
the  maximum  point  (see  Figure  41)  and  the  throat  area  ablation  rate  was 
determined  for  the  remainder  of  the  test  by  holding  C*  constant  and  calculating 
Aj_  from: 

Wj.  C* 

“  P^g  (1) 

The  throat  area  ablation  rate  thus  determined  is  shown  in  Figure  42.  As 

2 

indicated,  the  final  calculated  throat  area  is  within  0.008  in.  of  the  post- 

2 

fire  measured  value.  For  test  No.  1K-3C-109,  it  was  within  0.003  in.  of  the 
postfire  measured  value.  Using  the  ablation  rate  above  for  the  A^,  performance 
was  plotted  as  shown  in  Figure  43.  It  is  obvious  from  the  figure,  curve  No.  2, 
that  including  the  A^  ablation  alone  does  not  correct  the  apparent  performance 
change.  Therefore,  the  exit  area  change  associated  with  the  crystalline  silica 
buildup  previously  mentioned  was  examined.  It  was  found  that  if  the  exit 
area  increase  due  to  the  silica  buildup  was  considered  in  conjunction  with 
the  A^  ablation  rate,  the  apparent  performance  incre.^se  with  time  disappears, 
and  %  Igp  is  maintained  nearly  constant  throughout  th.'  steady-state  tests, 
as  shown  by  curve  No.  3  in  Figure  43. 

(U)  The  final  exit  area  for  this  evaluation  was  assumed  to  be  that 
indicated  by  Figure  40.  As  shown  in  the  figure,  an  annular  ridge  is  formed  on 
the  inside  surface  of  the  silica,  where  support  for  the  molten  silica  was 
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(C)  TABLE  18 

ClF^/MHF-a  INJECTOR  PERFORMANCE  (U) 


Chamber  L* 


Injector 


Vacuum 

Thrust 


Mixture 

Ratio 


Vacuum 

I 


see  text. 

(4)  No  millisadic  data,  results  based  on  oscillograph  data. 
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Test  No. 

(in. 

)  Type 

S/N 

(Ibf) 

0/F 

%  theo. 

Theo.  1  .. 

IK- 

3B-101 

32 

6  Elem 

1 

71.1 

(1) 

(1) 

(1)  f: 

102 

32 

6  Elem 

1 

95.8 

2.38 

81.3 

83.8  h 

103 

32 

6  Elem 

1 

97.4 

2.21 

83.0 

84.0 

104 

32 

6  Elem 

1 

95.4 

2.58 

80.5 

82.3  { 

•  ,/ 

105 

32 

21  Elem 

4 

953.4 

2.55 

85.0 

90.0^^^ 

106 

32 

21  Elem 

4 

976.4 

2.52 

86. C 

93.1  ll 

107 

32 

21  Elem 

4 

974.4 

2.775 

85.4 

93.3 

103 

32 

21  Elem 

4 

890.4 

2.39 

86.1 

96.4^^^  f: 

109 

32 

6  Elem 

5 

97.9 

2.48 

81.0 

82.5 

110 

32 

6  Elem 

5 

99.5 

2.50 

82.3 

83.7  r 

111 

32 

6  Elem 

5 

94.9 

2.64 

79.6 

j;  ■ 

81.4 

112 

32 

6  Elem 

5 

98.9 

2.24 

83.3 

85.1  ^ 

IK- 

5A-101 

25 

Vortex 

8 

739.4 

2.56 

63.8 

)  1 

69.1  i; 

102 

25 

Vortex 

8 

688.9 

2.59 

63.2 

71.4 

103 

25 

Vortex 

8 

774.4 

2.59 

67.3 

77.5  J: 

104 

25 

Vortex 

8 

770.4 

2.59 

70.0 

81.8 

105 

25 

21  Elem 

4 

1018.4 

2.57 

87.2 

94.2  1' 

106 

25 

49  Elem 

9 

968.4^^^ 

2.56<^> 

83.7^^^ 

93.9^^^  ' 

107 

25 

49  Elem 

9 

998.4 

2.57 

85.9 

93.0  y 

108 

25 

49  Elem 

9 

1043.3 

2.20 

85.9 

93.8  i 

(1) 

Steady 

state 

was  not  reached 

(2) 

Large 

change 

in  throat  area 

makes 

C*  value  suspect. 

... 

(3) 

Test  results 

difticult  to  interpret  because 

of  loss 

of  coating 

in  throat  - 
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provided  by  the  steel  retainer  ring.  It  was  assumed  that  thrust  was  supported 
to  the  aft  end  of  this  annular  ridge;  beyond  that  point  the  silica  was  probably 
molten  and  was  not  capable  of  supporting  any  thrust.  From  the  above  evaluation 
it  was  established  that  the  most  representative  data  point  for  performance 
evaluation  of  the  high  testa  was  early  in  the  test  at  maximum  P^,,  after 
initial  heatup,  and  using  prefire  nozzle  areas  for  the  calculations.  The 
results  of  performance  thus  calculated  are  summarized  in  Table  17  in  the 
columns  designated  by  the  number  1. 

(U)  The  ablative  lined  chambers  used  for  CIF^/MHF-S  injector 
checkout  tests  did  not  produce  a  nozzle  extension  buildup  as  was  noted  for 
the  N20^/AeroZINE  50  uncooled  chamber.  However,  a  resinous  deposit  formed 
in  the  throat  during  the  Phase  I  1000  lb  thrust  tests.  Throat  areas  were 
smaller  at  the  end  of  each  of  the  first  three  1000  lb  thrust  tests  than  at 
the  beginning.  This  trend  was  offset  by  the  loss  of  segments  of  the  coating 
on  the  last  Phase  I  1000  lb  thrust  test  {1K-3B-108) ;  the  throat  area  at  the 

end  of  this  test  was  larger  than  at  the  beginning  of  the  test.  Figure  44 

shows  the  CIF3/MHF-3  ablative  chamber  after  Test  1K-3B-108.  The  coating  and 
areas  where  segments  of  the  coating  have  broken  off  can  be  seen. 

(U)  The  throat  section  of  the  ablative  lined  25  L*  combustion 

chamber  that  was  used  for  Phase  II  CIF2/MHF-3  injector  checkout  testing  had  a 
ZTA  graphite  insert.  There  was  no  deposition  of  resinous  material  on  this 
throat  and  virtually  no  change  in  throat  diameter  after  testing. 

(U)  The  performance  calculations  based  on  data  taken  near  the 
end  of  each  test  and  on  throat  areas  calculated  from  throat  diameter  measure¬ 
ments  made  after  each  test  are  shown  in  Table  18.  The  first  test  at  100  lb 
LliniU  (1K-3B-101)  did  not  achieve  steady  state.  The  first  and  last  1000  lb 
thrust  Phase  I  test  results  are  difficult  to  interpret  because  of  change  in 
the  throat  area  that  occurred  during  the  tests. 
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(U)  Four  tests  were  made  with  the  vortex  injector.  The  second 
test  was  a  longer  duration  repeat  of  the  first  test.  For  the  third  and  fourth 
test  the  axial  and  circumferential  position  of  the  fuel  orifices  (center  spud) 
relative  to  the  oxidizer  orifices  was  changed  as  discussed  in  Section  V,B,2 
(Figure  30).  Since  performance  did  not  improve  substantially  with  these  changes 
no  further  tests  were  made  to  optimize  the  injector  dimensional  parameters. 

(U)  Since  the  Phase  I  1000  lb  thrust  CIF3/MHF-3  injector  (S/N-4) 
was  used  as  backup  injector  in  Phase  II  a  single  test  firing  was  made  with  this 
injector  and  the  25  L*  ablative  lined  chamber.  The  apparent  1.6%  specific 
impulse  increase  accompanying  the  reduction  in  chamber  length  cannot  be  accounted 
for.  There  is  no  significance  in  the  1.6%  since  this  is  typical  of  the  devia¬ 
tion  in  performance  from  test  to  test.  However,  it  is  significant  that  per¬ 
formance  did  not  decrease  with  the  shorter  L*  chamber.  Mo  discrepancy  could 
be  found  in  the  data;  however,  droplet  vaporization  analysis  indicated  that  a 
7%  decrease  in  performance  would  be  expected  at  the  lower  L*  (Test  1K-5A-105) . 

One  explanation  for  this  anomalous  behavior  is  to  suspect  this  test  result 
since  it  was  obtained  with  a  single  test.  However,  the  fact  that  a  reduction 
in  chamber  L*  did  not  decrease  performance  coupled  with  the  fact  that  an  improved 
injector  design  (49-element  injector  has  more  elements  and  better  spray  overlap) 
did  not  improve  performance  suggests  that  there  is  either  an  additional  loss 
not  being  considered  (fo:  example,  overexpansion  due  to  attachment  of  the 
exhaust  plume  to  the  aft  end  of  the  chamber)  or  that  the  theoretical  Igp  is 
not  as  high  at  these  pressure  levels  as  predicted. 

(U)  The  49-elemenL  1000  lb  thrust  injector  (S/N-9)  was  selected 
as  the  prime  injector  for  cooled  chamber  testing  on  the  basis  of  performance 
and  compatibility  with  the  oxidizer  transpiration  cooled  chamber.  Performance 
of  this  injctor  with  the  25  L*  chamber  was  comparable  to  that  obtained  with 
the  21-element  injector  and  the  32  L*  chamber;  erosion  of  the  ablative  liner 
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near  the  injector  was  much  less.  Good  performance  with  the  49-element  Injector 
was  expected  because  of  the  low  thrust  per  element.  Further  improvement  in 
performance  with  this  pattern  has  been  predicted  for  larger  impingement  angles 
on  the  basis  of  more  efficient  propellant  atomization. 
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B.  COOLED  CHAMBER  FLOW  TESTING 


1.  Phase  I 


(U)  Coolant  flow-pressure  drop  measurements  were  made  for  both 
the  N20^-cooled  chamber  and  the  ClF3-cooled  Phase  I  chamber  in  flow  tests  and 
during  firings.  The  purpose  of  obtaining  these  data  was  to  determine  if  the 
stacked  platelet  assemblies  were  actually  providing  the  coolant  flow  control 
they  were  designed  to  give  and  also  to  see  if  there  was  any  evidence  of  plugging 
occurring  during  the  testing. 

(U)  The  flow  testing  of  the  two  chambers  was  done  prior  to  the 
test  firings.  The  N20^-cooled  chamber  was  flowed  with  N20^  on  the  test  stand 
while  the  ClF3-cooled  chamber  was  flowed  with  trichlorethylene  in  the 
Engineering  R&D  Laboratory  because  of  the  health  hazard  posed  by  the  C3F3 
(see  Sections  V,C). 

(C)  The  results  of  the  flow  tests  and  test  firings  are  given 
in  Figures  4b  (N20^-cooled  chamber)  and  46  (ClF3-cooled  chamber) .  These  figures 
give  the  data  for  each  of  the  four  coolant  sections  in  both  chambers .  The 
metering  platelets  used  in  Sections  I,  II,  and  III  of  the  N204-cooled  chamber 
measured  0.0011  +  0.0001  in.  in  thickness;  six  samples  of  the  Section  IV 
metering  platelets  all  measured  0.0010  in.  In  order  to  show  the  effect  of 
the  metering  platelet  thickness  (the  depth  of  the  primary  metering  groove)  on 
the  chamber  hydraulic  characteristics,  pressure  drop  -  flow  predictions  were 
made  for  both  0.0011  in.  channels  (measured  thickness)  and  0.0010  in.  channels 
(nominal  thickness)  for  Sections  I,  II,  and  III  of  the  N204-cooled  chamber. 

(C)  The  general  character  of  the  results  for  all  eight  sections 
is  remarkably  similar.  The  flow  test  data  are  in  excellent  agreement  with  the 
theoretically  predicted  behavior.  The  data  follow  the  curves  predicted  for 
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the  measured  thickness  of  the  metering  platelets.  The  100  psia  firing  data 
points  are  also  in  good  agreement  with  the  predicted  curves,  but  with  pressure 
drops  slightly  (0-10%)  higher  than  the  flow  test  results.  The  1000  psia  firing 
data  show  substantial  departures  from  the  anticipated  behavior,  with  the 
measured  pressure  drops  being  much  higher  than  would  be  predicted  using  laminar 
flow  relationships.  Except  for  Section  III  in  each  of  the  chambers  the  primary 
metering  groove  Reynolds  numbers  at  both  the  100  psia  level  and  the  1000  psia 
level  are  below  2000-  The  Reynolds  number  in  the  N20^-cooled  chamber 
Section  III  is  2200  at  the  1000  psia  flow  conditions  while  that  of  the  corres¬ 
ponding  ClF^-cooled  chamber  section  is  2750. 

(U)  The  hydraulic  design  of  the  platelets  was  carefully 
reviewed  in  an  attempt  to  explain  the  deviation  of  the  1000  psia  du.  Lng  data 
from  tlie  predicted  pressure  drop.  The  pressure  drop  in  the  distribution  plenum, 
two-phuse  pressure  drop  in  the  thermal  influence  zone,  and  entrance  and  exit 
losses  do  not  account  for  the  deviation.  The  pressure  drop  in  each  section 
during  the  coolant  lead  time  preceeding  ignition  was  virtually  identical  to  the 
pressure  drop  during  firing,  which  ruled  out  the  possibility  of  housing  distor¬ 
tion  or  platelet  compression  due  to  hydraulic  forces  in  the  plenums  and  pressure 
forces  in  the  chamber.  The  match  in  pressure  drop  during  coolant  flow  preceed¬ 
ing  ignition  to  the  pressure  drop  during  firing  ruled  out  any  thermal  effects, 
such  as  heat  penetration  to  the  metering  grooves. 

(U)  Platelets  from  the  CIF^  chamber  were  examined  for  a  pos¬ 
sible  indication  of  flow  restriction  since  CIF^  flow  paths  are  evidenced  by  a 
slight  discoloration  of  the  nickel  surface.  Flow  paths  corresponding  to  the 
primary  and  secondary  metering  groove  can  be  clearly  seen  on  the  distribution 
platelet  and  they  indicate  no  abnormal  behavior.  However,  from  the  discoloration 
of  iho  liioLeriug  platelet  it  was  obvious  that  flow  in  the  inlet  region  had 
occuried  on  both  sides  of  the  metering  platelet.  Examination  of  a  stack  of 
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platelets  revealed  that  the  0.001  in.  metering  platelets  were  sagging  into  the 
0.0025  in.  x  0.140  in.  distribution  platelet  inlet,  and  in  some  instances  a 
slight  curl  on  the  edge  of  the  metering  platelet  was  practically  blocking  the 
inlet.  Thus,  the  inlet  to  the  platelets  is  apparently  the  source  of  the 
additional  pressure  drop. 

(C)  The  effect  of  the  inlet  flow  restriction  is  shown  in 
Figure  47.  This  figure  shows  a  plot  of  percent  departure  from  laminar  flow 
behavior  as  a  function  of  Reynolds  number  for  six  of  the  eight  platelet  sections. 
The  two  platelet  sections  not  shown  on  this  figure  are  Sections  I  and  II  of  the 
ClF2-cooled  chamber.  Since  they  contained  the  salt  deposits  in  1000  psia  tests 
their  behavior  should  not  be  considered  simultaneously  with  that  of  the  clean 
sections.  It  is  quite  apparent  from  the  curve  of  Figure  47  that  the  departure 
from  laminar  pressure  drop  at  ICOO  psia  is  a  direct  function  of  metering  groove 
Reynolds  number.  Both  the  laminar  and  turbulent  flow  points  fall  on  the  same 
straight  line.  This  indicates  that  the  transition  from  laminar  to  turbulent 
flow  behavior  is  gradual  and  that  no  sudden  change  occurs  near  a  Reynolds 
number  of  1500  to  2000.  This  behavior  would  result  from  the  existence  of  a 
restriction  in  the  coolant  flow  circuit. 

(U)  Although  the  inlet  flow  restriction  has  no  serious 
consequences  it  will  be  precluded  in  future  designs.  For  example,  small 
unetched  areas  in  the  inlet,  similar  to  those  in  the  thermal  influence  zone, 
could  be  used  to  support  the  metering  platelet. 

2.  Phase  11 


(U)  In  order  to  preclude  the  flow  restriction  at  the  platelet 
t  oo  I  ant  inlet  that  occurred  with  the  Phase  I  chambers  each  metering  platelet 
in  the  Phase  II  chamber  was  tack -welded  at  the  inlet  locations  to  the  unetched 
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VI,  B,  Cooled  Chamber  Flow  Testing  (cont.)  ^ 

1 

! 

back  of  the  distribution  platelet  next  to  it  in  the  stacked  assembly.  The  i 

purpose  of  the  weld  was  to  prevent  the  metering  platelet  from  sagging  into  the  | 

I 

etched  inlet  area  on  the  face  of  the  distribution  platelets.  i 

I 

(U)  Since  the  TRANSPIRE  hydraulic  characteristics  had  been  j 

adequately  verified  in  Phase  I  and  since  the  Phase  I  and  Phase  II  chambers  were  i 

j 

hydraulically  similar  nc  flow  calibration  tests  were  made  with  the  Phase  II 
cooled  chamber.  A  single  flow  test  with  CIF^  was  made  on  the  test  stand  prior 
to  the  first  cooled  chamber  test.  The  pressure  drops  obtained  in  this  test 
agreed  with  pressure  drops  predicced  for  the  chamber  with  0.0010  to  0.0011  in. 

deep  metering  grooves.  j 

I 

S 

(U)  The  hydraulic  characteristics  of  the  Phase  II  ClF^-cooled  | 

chambe"  are  shown  in  Figure  48.  The  hydraulic  characteristics  were  determined  1 

from  the  pressure  drop  -  flow  data  obtained  during  the  coolant  lead  time  prior  | 

to  each  firing  and  have  been  corrected  to  70“F  for  comparison  with  the  i 

predictions.  The  beck  pressure  on  the  coolant  circuit  is  atmospheric  pressure.  ! 

i 

1 

(U)  The  deviation  from  laminar  flow  that  characterized  the  | 

Phase  I  cooled  chamber  flow  test  results  at  high  coolant  flow  rates  did  not  < 

f 

occur  with  the  Phase  II  chamber.  The  source  of  the  turbulent  pressure  drop,  j 

■  % 

blockage  of  the  inlet  to  the  distribution  platelet  by  the  metering  platelet,  j 

was  apparently  properly  identified  and  the  corrective  action,  tack  welding  | 

the  metering  platelets  to  the  back  of  the  distribution  platelets,  was  I 

successful.  I 

I 

j 

(U)  In  the  Phase  II  cooled  chamber  assembly  the  injector  | 

was  used  to  load  the  stack  of  plat^’ets.  After  test  1K-5B-110  the  injector  ! 

was  removed  from  tl;  .ooled  chamber  assembly  to  permit  the  P^  tap  to  be  | 

unplugged.  The  hydraulic  characteristics  that  were  obtained  upon  reassembly  i 


Page  141 


CONFIDENTIAL 

(This  Page  is  Unclassified) 


PREDICTED, 


Page  li}-2 

CONFIDENTIAL 


Figure  48.  Hydraulic  Characteristics  of  Phase  II  ClF_-Cooled  Chamber  (u) 
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VI,  B,  Cooled  Chamber  Flow  Testing  (cont.) 

of  the  unit  differed  from  those  that  were  obtained  before  removal  of  the 
Injector.  The  most  pronounced  effect  was  In  chamber  Section  1,  which  Is 
adjacent  to  the  Injector.  Apparently  the  platelet  stack  was  not  fully 
compressed  on  Initial  assemblLy.  The  flow-pressure  drop  data  for  chamber 
Section  1  before  and  after  Injector  replacement  fell  within  the  spread 
predicted  for  the  chamber  on  the  basis  of  an  uncertainty  of  0.0001  In.  In 
the  effective  depth  of  the  flow  metering  grooves. 
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VI,  Results  (cent.) 


C.  INJECTOR-CHAMBER  COMPATIBILITY 


1.  Phase  I 


(C)  Complete  optimization  of  the  coolant  flow  rates  to  the 
four  sections  of  the  Phase  I  N^O^-  and  ClF^-cooled  chambers  was  not  possibl--*. 
because  of  se\  sce  chamber  streaking  by  both  the  100  psia  (100  lb  thrust)  and 
1000  psia  (1000  lb  thrust)  injectors.  The  chamber  streaks,  or  localized  hot 
zones,  occurred  on  the  chamber  wall  adjacent  to  the  injector  and  in  the  con¬ 
vergent  and  throat  area  of  the  chamber.  Figure  49  shows  the  N20^-cooled 
chamber  at  the  conclusion  of  testing.  The  dark  areas  in  the  chamber  are  heat 
streaks  where  high  wall  temperatures  (1200  to  1650“F)  have  darkened  the  stain¬ 
less  steel.  There  was  no  erosion. 

(U)  The  heat  mark  patterns  are  significant  when  related  to 
the  injector  pattern.  As  shown  in  Figure  50,  the  six  heat  marks  in  the  vicin¬ 
ity  of  the  injector,  or  Section  I  of  the  cooled  chamber,  occurred  radially  out¬ 
ward  of  the  impingement  point  of  the  fan  from  each  pair  of  the  six  injector 
elements.  This  same  heat  pattern  can  be  seen  on  the  face  of  the  100  psia 
injector  shown  in  the  same  Figure.  The  heat  marks  in  the  convergent  and 
throat  areas  of  the  chamber  occur  between  those  in  the  cylindrical  section 
and,  as  can  be  seen  in  Figure  50,  are  in  line  with  the  elements  of  the 
injector.  Fuel  rich  combustion  gases  are,  quite  likely,  impinging  on  the 
oxidizer  cooled  chamber  wall  and  combusting.  Because  of  the  localized  heating 
due  to  the  100  psia  injector  pattern  the  coolant  flow  could  not  be  fully 
optimized.  Based  on  visual  observation  and  measured  temperatures  approximately 
80%  of  the  N20^-cooled  chamber  was  substantially  overcooled.  Temperature 
difference  between  the  hot  streak  zones  and  the  overcooled  zones  was  in  the 
range  of  600  T'  1000 "F. 
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Figure  Heat  Marks  on  Interior  of  N20j^-Cooled  Chamber  after  Testing 
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VI,  C,  Injector-Chamber  Compatibility  (cont.) 

(U)  The  heat  marks  in  the  chamber  at  the  conclusion  of  the 
1000  psia,  1000  lb  thrust  testing  (Figure  A9)  were  even  more  severe  and  more 
highly  localized  than  for  the  100  psia,  100  lb  thrust  operation.  Despite 
the  high  steady-state  wall  temperatures  recorded  during  the  1000  psia  N20^ 
tests  the  majority  of  the  chamber  surface  area  was  overcooled.  The  more 
severe  streaking  at  1000  psia  made  the  coolant  utilization  even  less  efficient 
than  at  100  psia.  The  hot  streaks  in  the  vicinity  of  the  injector  initially 
occurred  radially  outward  of  the  impingement  point  of  the  fan  from  each  pair 
of  peripheral  elements  (12  locations),  and  then  spread  out  at  a  trip  or 
irregularity  in  the  chamber  surface  as  shewn  in  Figure  51.  Other  examples 
of  trips  can  be  seen  in  Figure  51  at  the  7:00  o'clock  position  at  the  end  of 
Section  I  (about  the  midpoint  of  the  cylindrical  section)  and  in  Figure  50 
in  the  convergent  area  of  the  chamber. 

(U)  A  definite  correlation  exists  between  the  heat  patterns 
on  the  walls  of  the  cooled  combustion  chamber  and  the  walls  of  the  ablative 
lined  chambers  used  for  the  injector  checkout  tests.  The  heat  patterns  on 
the  walls  of  the  uncooled  chamber  as  related  to  the  injector  elements  of  the 
1000  psia  N20^  injector  are  shown  in  Figure  52a.  The  dark  areas  on  the  abla¬ 
tive  liner  next  to  the  injector  face  are  fuel  rich  zones  located  radially  out¬ 
ward  from  each  of  the  Injector  elements.  The  four  largest  areas  are  in  line 
with  the  radial  projection  from  the  four  pentad  elements.  The  white  areas 
are  hot  zones  where  silica  material  has  flowed  to  the  surface  and  solidified. 

(U)  The  hot  zones  for  the  100  psia  injectors  existed  between 
the  injector  elements.  Silica  from  these  areas  flowed  down  into  the  chamber 
throat  as  shown  in  Figure  52b. 

(U)  The  condition  of  the  ClF^/MHF-l  ablative  chamber  section 
relative  to  the  1000  psia  -29  injector  pattern  is  shown  in  Figure  52c.  The 
predominate  ablation  pattern  lies  on  a  radial  projection  from  an  inner  triplet 
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VI,  C,  Injector-Chamber  Compatibility  (cont.) 

element  and  between  two  outermost  triplet  elements.  Two  smaller  ablation 
patterns  can  be  seen  between  the  predominate  ones  on  a  radial  projection  from 
the  impinging  fans  of  two  triplet  elements.  These  ablation  patterns  define  the 
critical  hot  zones  at  the  chamber  wall.  Even  though  four  predominate  erosion 
patterns  occurred  in  the  chamber  wall  within  two  inches  of  the  injector  face  no 
throat  erosion  existed. 

(U)  Simple  analytical  models  have  been  developed  which  describe 

the  chemical  composition  and  radial  motion  of  the  combustion  products  as  they 

move  downstream  from  the  injector.  These  models  correlate  well  with  the  heat 

marks  observed  in  the  N„0, -cooled  chamber  and  in  the  ablative  chamber  sections 

2  4 

after  100  and  1000  psia  testing.  The  models  for  the  100  psia  N20^/AeroZINE  50 
injector  are  shown  in  Figure  53. 

(U)  The  chemical  model  is  developed  by  defining  the  shape, 
size,  and  mixture  ratio  distribution  of  a  spray  envelope  that  is  characteristic 
of  a  particular  element,  its  energy  release  efficiency  and  the  flow  rate  in  that 
element.  As  can  be  seen  in  Figure  53  the  triplet  element  is  characterized  by 
an  ellipse.  The  mixture  ratio  distribution  is  shown  as  an  oxidizer-rich  zone 
and  two  fuel-rich  zones.  The  overlap  of  these  envelopes  when  superimposed  on 
the  injector  pattern  indicates  areas  that  are  oxidizer  or  fuel-rich  in  composi¬ 
tion  or  where  inter-element  combustion  will  occur. 

(U)  The  dynamic  model  defines  for  each  injector  element  a 
stream  tube  the  size  of  which  is  dependent  on  the  type  of  element,  its  mixture 
ratio,  flow  rate  and  energy  release  efficiency.  It  is  then  assumed  that  as  the 
combustion  products  move  downstream  the  stream  tubes  will  move  relative  to  each 
other  and  the  chamber  walls  so  that  a  zero  radial  pressure  gradient  condition 
exists.  In  the  dynamic  model  the  stream  tubes  are  represented  by  circles 
centered  about  each  element.  These  circles  are  then  adjusted  to  the  "relaxed 
position",  in  which  minimum  overlap  results  and  which  is  considered  to  represent 

Page  150 


CONFIDENTIAL 

(This  Page  is  Unclassified) 


UHCLASSIFIED 


AFRPL-TR-67-198 

VI,  C,  Injector-Chamber  Compatibility  (cont.) 

the  zero  radial  pressure  gradient  condition.  A  vector  is  dravm  from  the 
original  position  of  the  stream  tube  to  its  center  in  the  relaxed  position. 

The  length  of  the  vectors  and  their  direction  indicates  the  location  and 
severity  of  cross-winds. 

(U)  As  shown  in  Figure  53,  the  chemical  model  of  the  100  psia 
N^O^/AeroZINE  50  injector  predicts  that  six  hot  zones  will  exist  between 
elements  where  the  fans  of  the  elements  intersect.  These  hot  zones  correspond 
to  the  six  heat  marks  in  the  cylindrical  section  of  the  cooled  chamber, 
shown  in  Figure  50.  The  dynamic  model  indicates  that  the  fuel-rich  zones, 
which  the  chemical  model  shows  to  be  centered  on  each  element,  will  migrate 
toward  the  wall  as  the  combustion  gas  flows  away  from  the  injector.  The  six 
heat  zones  in  the  convergent  section  cf  the  N20^-couled  chamber  probably  result 
from  combustion  of  this  fuel-rich  gas  with  the  oxidizer  transpiration  coolant. 

2.  Phase  II 


(U)  One  of  the  main  objectives  of  Phase  II  was  the  optimiza¬ 
tion  of  coolant  flow  by  reduction  of  the  injector  induced  heat  streaking  at 
the  wall  of  the  chamber.  The  injector  design  selected  as  the  most  promising 
to  accomplish  this  objective  was  the  HIPERTHIN  injector.  This  injector  design 
features  pattern  uniformity  because  of  the  multiple  number  of  orifices,  periph¬ 
eral  control  of  fuel  injection  to  provide  an  oxidizer  rich  boundary  at  the 
chamber  wall  and  potentially  good  performance  as  demonstrated  on  other  programs. 
A  vortex  injector  with  the  oxidizer  injected  tangentially  at  the  chamber  I.D. 
was  also  considered  a  promising  candidate  for  excellent  compatibility  with  the 
oxidizer  transpiration  cooled  chamber.  Uncertainty  as  to  performance  potential 
made  the  vortex  design  second  choice.  As  discussed  in  Section  IV,A,2,b  fabri¬ 
cation  problems  precluded  the  use  of  the  HIPERTHIN  injector  and  poor  performance 
(see  Section  V,A)  made  the  vortex  injector  unacceptable. 
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(U)  The  49-element  injector  that  was  used  for  the  Phase  IJ 
cooled  chamber  testing  was  designed  on  the  basis  of  Phase  I  experience.  The 
compatibility  model  of  the  injector  is  shown  in  Figure  54.  A  large  number  of 
elements  was  used  for  three  reasons.  Primarily,  a  large  number  of  elements 
permitted  the  elements  on  the  periphery  near  the  chamber  wall  to  be  placed  in 
close  proximity  to  each  other  to  preclude  the  spray  fan  or  the  resultant  spray 
from  two  intersecting  spray  fans  from  hitting  the  wall.  Secondly,  a  large 
number  of  elements  was  used  to  obtain  a  fairly  uniform  mass  distribution  across 
the  face  of  the  injector  and  thus  minimize  radial  gas  flow  toward  the  wall. 
Finally,  performance  predictions  indicated  that  good  performance  could  be  main¬ 
tained  by  reducing  the  thrust  per  element  despite  the  reduction  in  chamber  L* 
(32  in.  for  the  Phase  I  chamber  to  25  in.  for  the  Phase  II  chamber).  The 
inclusion  of  eight  unlike  doublets  at  the  outer  periphery  of  the  pattern 
provided  an  oxidizer  rich  zone  at  the  wall  for  improved  injector-chamber 
compatibility. 


(U)  The  condition  of  the  ablative  liner  (cylindrical  section) 
after  four  vortex  injector  checkout  tests  is  shown  in  Figure  55.  Figure  52c, 
which  shows  a  similar  liner  section  after  four  checkout  tests  with  the  21-element 
S/N-4  inject;or,  provides  a  comparison.  The  oxidizer  was  introduced  tangentially 
in  the  vortex  injector  at  the  chamber  wall.  The  low  performance  of  the  vortex 
injector  (see  Section  VI, A)  mearj  that  much  of  the  oxidizer  remained  on  the  wall 
and  did  not  enter  the  combustion  process.  Thus,  Figure  55  shows  the  compati¬ 
bility  of  hot  CIF^  with  FM  5064  material.  The  vortex  injector  would  have  had 
excellent  compatibility  with  the  ClF^-cooled  chamber.  From  the  ret:ults  exempli¬ 
fied  in  Figures  44,  52,  and  55,  the  following  interpretation  can  be  made  con¬ 
cerning  CIF^  injector  characterization  using  carbon-filled  phenylaldehyde 
graphite  fabric  liners:  the  presence  of  a  grey  deposit  or  a  grey  surface  indi¬ 
cates  a  fuel  rich  zone;  a  black  surface  or  dimensional  ablation,  exposing 
unreacted  carbon  cloth  indicates  an  oxidizer  rich  zone;  smooth  dimensional 
ablation  including  the  carbon  cloth  results  from  a  hot  streak. 
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VI,  C,  Injector-Chamber  Compatibility  (cont.) 

(U)  At  the  conclusion  of  the  injector  checkout  tests  that 
were  made  to  determine  the  baseline  performance  of  the  49-element  injector  the 
ablative  liner  used  in  the  testing  was  examined  for  streaking.  Minor  dimen¬ 
sional  ablation  occurred  adjacent  to  the  four  folded  triplet  elements.  The 
number  of  localized  erosion  areas  was  greatly  reduced  over  that  obtained  with 
the  21-element  1000  lb  thrust  injector.  The  deposition  of  resinous  material 
in  the  throat  that  characterized  Phase  I  1000  lb  thrust  testing  did  not  occur. 

(U)  Improved  compatibility  that  was  predicted  for  the 
49-element  injector  and  indicated  by  the  checkout  tests  with  ablative  liners 
was  evidenced  in  the  cooled  chamber  test  results.  The  condition  of  the  CIF^- 
cooled  Phase  II  chamber  after  Test  1K-5B-110  (8.9  sec  duration)  is  shown 
in  Figure  56.  The  heat  mark  at  the  top  of  the  pictures  is  one  of  four  90** 
apart  and  is  produced  by  the  folded  triplet  element.  The  heat  mark  on  the 
back  of  the  platelet  in  line  with  the  heat  mark  on  the  chamber  surface  (top  of 
pictures)  is  at  the  location  of  the  P^  tap.  This  mark  corresponds  to  a  recess 
in  the  face  of  the  injector  where  the  excess  weld  material  around  the  Pj.  tap 
was  machined  away  after  welding.  There  were  eight  other  small  heat  marks, 
some  of  which  can  be  seen  in  Figure  56.  These  marks  occurred  during  tests 
1K-5B-101  and  -102  which  were  conducted  with  the  injector  fuel  and  oxidizer 
venturis  inadvertently  reversed.  The  eight  marks  were  caused  by  high  fuel  and 
low  oxidizer  flow  in  the  eight  unlike  doublets  which  resulted  in  fuel  impinge¬ 
ment  on  the  oxidizer  cooled  wall.  These  eight  streak  marks  tended  to  clean  up 
with  subsequent  testing.  The  remaining  chamber  surface  showed  no  evidence  of 
injector  streaking;  the  condition  of  the  chamber  after  this  test  was  excellent. 

(U)  The  thermal  data  that  were  obtained  from  the  thermo¬ 
couples  "'n  the  chamber  surface  also  indicated  that  the  49-element  1000  lb 
thrust  ctor  produced  less  circumferential  and  axial  variation  in  the  heat 
flux  to  ...le  wall  than  was  produced  by  the  21-element  Phase  I  1000  lb  thrust 
injector.  From  these  data  and  the  Phase  I  experience  with  both  N20^-cooled 
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VI,  C,  Injector-Chamber  Compatibility  (cont.) 

stainless  steel  chambers  it  was  concluded  that  coolant  flow  optimization 
requires  that  the  injector  be  designed  for  compatibility  with  the  oxidizer 
transpiration  cooled  chamber,  that  wall  roughness  Increases  heat  transfer  to 
the  wall  and  disrupts  the  boundary  layer  which  starts  heat  streaks  at  trips 
or  aggravates  existing  heat  streaks,  and  that  high  conductivity  material  for 
the  chamber  mitigates  the  effect  of  streaking. 
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VI,'  Results  (cont.) 

D.  HEAT  TRANSFER 

1.  Introduction 


(U)  The  heat  transfer  data  obtained  during  this  test  program 
consisted  of  coolant  flow  rates  and  surface  and  subsurface  wall  temperatures. 
These  data  were  analyzed  to  determine  how  well  the  TRANSPIRE  cooling  system 
worked  and  also  to  evaluate  the  accuracy  of  the  analytical  design  model.  Since, 
to  a  large  extent,  these  goals  are  interdependent  both  the  evaluation  of  the 
cooling  effectiveness  and  the  analytical  design  model  will  be  presented  simul¬ 
taneously  in  this  section. 

(U)  The  analytical  design  approach  used  in  this  program  is 
outlined  in  Section  IV,C,l,a,  while  the  specific  equations  and  their  derivations 
are  presented  in  Appendix  I.  All  the  thermal  design  equations  have  been 
programmed  for  an  IBM  1130  computer.  In  addition  to  performing  the  hot  gas  - 
to  platelet  -  to  coolant  heat  transfer  calculations  and  iterations,  this  program 
can  also  calculate  the  film  cooling  carry-over  effect  received  from  the  two 
platelets  immediately  upstream  of  the  platelet  under  consideration.  This  option 
has  proved  helpful  in  the  interpretation  of  some  test  results. 

(U)  Most  of  the  data  analysis  was  restricted  to  the  interpre¬ 
tation  of  surface  temperature  readings.  This  was  done  for  several  reasons. 
First,  the  cooling  effectiveness  of  the  wall  can  be  evaluated  in  terms  of  only 
two  quantities,  coolant  flow  rate  and  wall  surface  temperature.  These  two 
values  alone  express  the  overall  cooling  effectiveness  of  the  system.  Second, 
subsurface  temperatures  can  be  related  to  surface  temperatures  only  by  way  of 
the  thermal  model;  hence  they  cannot  be  considered  as  primary  data  as  far  as 
system  cooling  effectiveness  is  concerned.  The  value  of  the  subsurface  tempera¬ 
tures  arises  in  the  evaluation  of  the  thermal  model.  The  platelet  temperature 
profiles  that  the  subsurface  temperature  data  should  provide  give  considerable 
insight  into  the  thermal  processes  occurring  in  the  wall.  Finally,  the  injector 
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streaking  encountered  in  this , test  program  rendered  much  of  the  subsurface 
data  extremely  difficult  to  interpret  by  making  valid  platelet  temperature 
profiles  virtually  unachievable.  As  pointed  out  in  Section  IV, D,  the  surface 
and  subsurface  thermocouples  on  any  platelet  were  all  positioned  at  different 
circumferential  locations.  The  large  circumferential  variations  in  heat  flux 
which  resulted  from  the  injector  streaking  placed  each  thermocouple  in  a  dif¬ 
ferent  thermal  environment  and  this  made  meaningful  determination  of  the  plate¬ 
let  temperature  profile  impossible. 

(U)  In  Section  II  of  the  chamber  not  all  the  platelets  have 
the  same  clocking  (hydraulic  resistance)  as  was  the  case  in  Section  I.  The 
clocking  is  changed  17  times  in  Section  III  and  30  times  in  Section  IV.  Because 
of  the  number  of  parallel  flow  circuits,  each  with  a  different  hydraulic  resis¬ 
tance,  the  flow  rate  of  each  platelet  pair  will  not  necessarily  be  proportional 
to  total  flow  rate  of  the  section.  For  example,  test  firing  at  100  psia  chamber 
pressure  with  a  115  psia  Section  III  plenum  pressure  produces  a  pressure  drop  of 
approximately  20  psid  across  the  platelets  at  the  high  contraction  ratio  end 
of  that  section,  and  a  pressure  drop  of  approximately  60  psid  across  the  plate¬ 
lets  in  the  throat.  If  the  plenum  pressure  is  increased  to  approximately 
155  psia  the  coolant  flow  in  the  section  is  doubled.  However,  the  pressure 
drop  at  the  high  contraction  ratio  end  of  Section  III  is  now  60  psid,  which 
results  in  three  times  the  flow  in  that  area;  in  the  throat  the  pressure 
differential  is  now  98  psid  which  results  ■■n  a  48%  increase  in  the  flow  there. 
Thus,  operation  at  the  off-design  pressure  differential  conditions  produces  a 
coolant  maldistribution  within  the  section. 

(U)  During  flow  testing  of  the  cooled  chambers  the  back  pres¬ 
sure  (chamber  pressure)  is  uniform.  In  the  test  firings  the  back  pressure 
varies  with  the  chamber  pressure  profile.  Thus,  the  flow  rate  or  the  plenum 
pressure,  and  the  flow  distribution  within  Sections  III  and  IV  differ  in  going 
from  flow  testing  to  firing. 
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(U)  The  following  equations  were  used  to  relate  plenum  pres¬ 
sures  and  individual  platelet  flows  at  one  operating  condition  to  another. 

The  coolant  in  the  metering  channels  is  essentially  isothermal  and  incompres¬ 
sible,  and  the  flow  is  laminar.  From  equation  30  of  Appendix  I,  the  coolant 
flow  rate  for  an  assembled  platelet  pair  is 


where : 


(2) 


k  =  flow  proportionality  constant 

=  length  of  a  platelet  metering  groove 

=  platelet  gas-side  pressure 

«  plenum  pressure 

w  .  *  platelet  coolant  flow  rate 
c,i 


The  total  flow  rate  in  a  section  then  is: 
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Let  (w  be  the  flow  rate  in  a  section  when  (P  )■■  is  the  plenum  pressure  and 

c  I  o  X  p  X 

(w^  the  flow  rate  of  the  coolant  in  that  section  when  the  plenum  pressure  is 
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h' 

\ 

The  terms 

\  / 

were  identified  for  conditions  1  and  2  since ^ 

iu 

I— 1 

when  one  condition  is  a  flow  test  and  the  other  is  a  firing. 


(U)  Equation  (4)  was  developed  in  terms  of  a  flow  ratio,  R, 

since  the  flow  to  each  section  is  generally  controlled  by  a  fixed  area  cavitat- 

ing  venturi  and,  therefore,  is  known.  Besides  being  useful  in  calculating 

plenum  pressures  for  a  new  flow  rate  from  prior  test  results  and  in  calculating 

test  firing  plenum  pressures  from  the  flow  test  results,  equation  (4)  was  used 

to  calculate  the  flow  maldistribution  in  a  section  for  off-nominal  operation. 

If  R  is  the  ratio  of  a  measured  section  flow  rate  to  the  nominal  flow  rate, 

then  the  plenum  pressure  at  nominal  conditions,  terms  of  the  measured 

plenum  pressure,  (P  )  ,  is 

p  t  _ 
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From  equation  (2)  the  ratio  of  the  actual  platelet  flow  rate  to  the  nominal 
platelet  flow  rate  is 


(w  .)  , 

c,i  actual 

*c,i^N 
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In  applying  this  equation  the  plenum  pressures  were  taken  from  the  test  data 
while  the  local  gas  pressures  (P^)  were  obtained  from  the  measured  chamber  pres 
sure  and . analytically  calculated  pressure  profiles. 

(U)  Nominal  (design)  flow  rates  are  tabulated  in  Table  2 
(Section  IV,C,l,a),  for  the  four  sections  of  the  N20^-cooled  chamber  and  for 
the  four  sections  of  the  CJF^-cooled  chamber. 

(U)  The  gas  side  heat  transfer  coefficients  used  in  the 

(2) 

data  analysis  were  calculated  by  a  form  of  the  simplified  Bartz  equation. 

The  freestream  gas  temperature  was  taken  to  be  the  combustion  temperature  of 
the  propellants  corrected  by  a  combustion  efficiency  term. 

2.  Phase  I 


a.  100  psia  ^2^4“  Cooled  Chamber  Tests 

(U)  A  curve  summarizing  the  surface  temperatures  for 
chamber  Section  II  of  the  100  psia,  N20^-cooled  chamber,  is  given  in  Figure  57. 
The  test  data  shown  on  this  figure  are  thermocouple  readings  at  the  end  of 
each  test,  and  generally  represent  the  steady-state  values.  The  abscissa  of 
this  plot  (Figure  57)  is  the  ratio  of  the  actual  total  sectional  flow  rate  to 
the  design  flow  rate.  Since  Chamber  Section  II  has  essentially  a  constant 
area  ratio  and,  hence,  a  constant  back  pressure  within  the  chamber,  the  local 
(platelet)  flow  rate  ratio  (as  calculated  by  equation  5)  is  the  same  as  the 
section  flow  rate  ratio.  The  thermocouples  shown  in  Figure  57  are  numbered 
4-5,  4-7,  5-3,  and  5-7.  None  of  these  aforementioned  thermocouples  are  in 
line,  although  thermocouples  4-7  and  5-7  are  within  five  degrees  of  each  other. 
Analytically  predicted  temperatures  obtained  by  utilizing  the  actual  test 
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conditions  insofar  as  possible,  are  shown  by  the  solid  line  in  Figure  57. 

These  calculations  consider  film  cooling  carry-over  from  the  two  previous 

platelets  and  also  take  into  account  the  fact  that  instrumented  platelets  are 

thicker  (0.0235  in.  vs  0.0178  for  its  neighbors).  The  hot  gas  heat  transfer 

coefficient  h  was  varied  to  find  the  limits  that  would  enclose  the  data, 

g 

The  data  are  included  in  an  envelope  generated  by  the  use  of  a  heat  transfer 

2  2 

coefficient  in  the  range  0.000362  Btu/in.  sec-'F  to  0.000658  Btu/in.  sec-®F. 

When  compared  with  the  heat  transfer  coefficient  calculated  by  means  of  the 
Bartz  equation,  the  lower  and  upper  bounds  of  the  data  are  defined  by  the 
curves  resulting  from  a  multiplying  factor  of  0.77  and  1.4.  The  agreement 
between  the  slope  of  the  data  in  Figure  57  and  that  resulting  from  the 
analytical  model  is  excellent. 

(U)  The  data  from  Sections  I  and  III  are  shown  in 
Figure  58.  These  data  were  not  amenable  to  analysis.  The  data  from  Section  III 
will  be  used  to  exemplify  the  problem. 

(C)  The  coolant  flow  rates  on  the  Instrumentation 
platelets  were  calculated  using  equation  (5)  and  the  measured  plenum  pressures 
and  measured  section  flow  rates.  For  example,  the  coolant  flow  ratio  (actual 
to  nominal)  on  thermocouple  platelet  No.  2  is  2.3,  and  on  platelet  No.  3  is 
11.0  when  the  overall  Section  III  flow  ratio  is  4.6.  These  flow  ratios  were 
used  with  the  measured  surface  temperatures  and  the  heat  transfer  model,  as 
had  been  done  with  the  Section  II  data,  to  evaluate  the  multiplier  on  the 
gas-side  heat  transfer  coefficient  that  would  correlate  the  data.  For  the 
1240‘’F  wall  temperature  that  was  measured  at  the  overall  flow  ratio  of  4.6, 
this  multiplier  is  5.0.  The  boundary  layer  temperature  is  predicted  to  be 
approximately  2600'’F. 
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(U)  It  is  obvious  that  any  physical  disturbance  that 
would  produce  a  heat  transfer  coefficient  that  is  five  times  the  best  estimate 
value  would  also  disrupt  the  film  cooling.  Thus,  the  film  cooling  represen¬ 
tation  in  the  heat  transfer  model  cannot  possibly  simulate  the  actual  conditions 
in  the  throat  and,  therefore,  the  model  cannot  be  applied. 

(C)  The  heat  flux  to  the  throat  instrumentation  platelet 

2 

at  the  location  of  thermocouple  2.3  is  8.25  Btu/in.  sec.  This  heat  flux  is 
two  times  that  predicted  using  the  stagnation  temperature  in  the  throat  as 
the  driving  temperature  and  a  film  coefficient  calculated  using  the  correlation 
of  Bartz.  It  is  fairly  obvious  that  a  heat  flux  this  high  can  only  result 
from  boundary  layer  turbulence  and/or  boundary  layer  combustion. 

(U)  There  are  two  reasons  why  the  heat  transfer  is 
inordinately  high  in  the  convergent  section  of  the  nozzle.  The  wall  of  the 
nozzle  was  relatively  rough  with  instrumentation  platelet  No.  3  protruding 
an  estimated  0,005  in.  above  its  neighbors,  which  is  considerably  greater 
than  the  thickness  of  the  boundary  layer  laminar  sublayer  at  this  point. 

The  disruption  of  the  boundary  layer  and  the  resulting  increase  in  local 
surface  film  coefficient  could  be  very  significant.  In  addition,  it  is 
entirely  possible  that  some  combustion  could  be  taking  place  in  the  boundary 
layer  since  the  observed  injector  streaking  patterns  indicate  fuel  rich  zones 
can  persist  all  the  way  to  the  throat  (see  Section  VI, C).  A  rough  wall  and 
injector  Induced  heat  streaks  were  also  observed  in  Section  I  of  the  chambers. 

b.  1000  psla  ^20^-  Cooled  Chamber  Tests 

(U)  The  1000  psia,  ^20^-  cooled  chamber  tests  were 
made  with  only  one  set  of  flc  ratios  and*  therefore,  graphs  similar  to  those 
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for  the  100  psia  data  could  not  be  drawn.  An  analysis  was  performed  at  two 
thermocouple  locations,  TC  4-7  (Section  II)  and  TC  2-2  (Section  III,  15  mils 
below  the  surface)  to  correspond  as  nearly  as  possible  with  those  used  in  the 
analysis  of  the  100  psia  data.  TC  3-2  and  TC  2-3,  used  in  the  analysis  of  the 
100  psia  data,  were  inoperative  during  these  runs.  There  is  excellent  correla¬ 
tion  between  the  Section  II  data  and  the  model  (1167“F  measured  on  TC  4-7 
versus  1200°!  predicted  with  model)  when  a  film  coefficient  multiplying  factor 
of  1.4  is  used.  Again,  however,  a  very  large  throat  section  film  coefficient 
multiplying  factor  is  required  to  make  the  model  fit  the  Section  III  test 
data. 


(U)  The  1000  psia  results  are  in  substantial  agreement 
with  those  of  the  100  psia  data.  The  analytical  model  agrees  well  with  the 
test  results  in  Chamber  Section  II,  but  apparently  is  inadequate  in  describing 
effects  near  the  throat  for  the  reasons  cited  earlier. 

c.  100  psia  ClF^-  Cooled  Chamber  Tests 

(U)  Thermal  steady-state  was  achieved  in  eight  of  the 
100  psia  ClF^-cooled  tests.  The  coolant  flow  rate  to  chamber  Section  II  was 
the  only  one  that  was  varied  enough  times  during  testing  to  permit  construction 
of  a  plot  of  wall  temperature  versus  section  flow  ratio.  The  data  for  this 
section  are  shown  in  Figure  59.  Analytical  results  for  heat  transfer  coeffi¬ 
cients  with  multipliers  of  0.77  and  1.4  are  also  shown  in  the  figure  as  was 
done  in  Figure  57  for  the  100  psia  N20^  test  results. 

(U)  A  heat  transfer  coefficient  multiplier  of  2,0  is 
needed  to  correlate  the  Section  III  data  at  flow  rate  ratio  of  3.8  (thermo¬ 
couple  TC  2-3).  Unfortunately,  there  were  no  additional  steady-state  points 
to  define  a  temperature  versus  flow  ratio  curve.  The  film  coefficient 
multiplier  needed  to  correlate  the  data,  although  large,  does  not  preclude 
application  of  the  heat  transfer  model. 
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d.  1000  psia  ClF^-Cooled  Chamber  Tests 

(U)  The  test  data  for  the  1000  psia  ClF^-cooled 
firings  consist  of  four  tests  of  limited  durations.  The  durations  of  these 
t€>sts  in  the  order  they  were  run  were:  0.44,  1.35,  2.29,  and  2.44  seconds. 
Except  for  thermocouples  TC  9-4  and  8-2  (Section  I)  all  thermocouples  appear 
to  have  reached  their  steady  state  values  in  even  these  short  tests.  The 
reason  TC  9-4  and  TC  8-2  did  not  stabilize  will  be  explained. 

(C)  In  test  116,  thermocouples  TC  9-4  and  TC  8-2 
(Section  I)  were  registering  1500“F  and  1300“F,  respectively,  at  shutdown 
and  were  still  rising  rapidly  at  this  time.  Each  of  these  thermocouples,  as 
well  as  TC  4-6,  (Section  II),  were  located  in  the  lower  part  of  the  horizontally 
mounted  chamber  where  failure  occurred  on  the  fourth  test.  Since  in  all 
likelihood  TC  9-4  and  TC  8-2  were  running  uncooled  due  to  the  salt  formation 
in  the  platelets,  they  never  would  stabilize.  The  higher  temperatures  read 
by  TC  4-6  are  probably  due  to  the  absence  of  film  cooling  from  the  nonfiowing 
upstream  region. 


(C)  The  bulk  of  the  data  for  the  unobstructed  regions  of 
chamber  Section  I,  fall  near  300'’F  while  the  bulk  of  the  data  in  Section  II 
fall  between  SOO^F  and  bOO^F.  This  occurs  despite  the  fact  that  the  coolant 
flow  rate  and  heat  flux  should  be  essentially  the  same  in  each  section.  The 
reason  for  this  occurrence  is  probably  the  plugging  of  coolant  channels  in  the 
lower  part  of  chamber  Section  I.  As  a  result  a  maldistribution  of  coolant  flow 
occurs,  with  the  coolant  which  was  intended  for  the  lower  portion  of  the  plate¬ 
lets  now  circumvented  through  the  upper  portion  and  overcooling  it.  It  is 
postulated  that,  if  this  plugging  did  not  occur,  the  bulk  of  Section  I  and 
Section  II  data  would  lie  between  SOCF  and  600°?. 


Page  170 


CONFIDENTIAL 


CONFIDENTIAL 


AFRPL-TR-67-198 


VI,  D,  Heat  Transfer  (cent.) 

(U)  No  analytically  predicted  temperatures  are  given 
for  Sections  I  and  II  due  to  the  fact  the  model  predicts  a  two-phase  mixture 
coming  out  of  the  wall.  This  implies,  of  course,  that  liquid  coolant 
is  entering  the  boundary  layer.  Under  these  conditions  the  analytical  model 
is  no  longer  applicable.  It  can  be  stated  however,  that  the  wall  should  be 
at,  or  slightly  above,  the  coolant  saturation  temperature,  which  would  place 
the  predicted  value  in  the  middle  of  the  test  data. 

(C)  The  predicted  surface  temperature  for  the  throat 
is  810®F:  the  data  lie  between  530®F  and  960“F.  Again,  the  thermocouple 
with  the  highest  tei^perature  is  the  thermocouple  at  the  bottom  of  the  chamber, 
TC  2-7.  This  higher  temperature  may  be  the  result  of  a  lack  of  film  cooling 
carry-over  from  the  plugged  channels  in  the  chamber  section. 

(U)  Although  the  data  obtained  in  the  1000  psia 
ClF^-cooled  tests  are  not  extensive,  they  do  provide  some  valuable  information. 
The  predicted  temperatures  are  well  within  the  range  of  experimental  values, 
indicating  the  analytical  model  is  credible.  In  addition,  the  temperature 
response  of  TC  9-4  (Section  I)  coupled  with  that  of  the  throat  thermocouples 
strongly  suggests  that  the  throat  was  adequately  cooled  and  that  the  throat 
erosion  which  did  occur  was  the  result  of  the  impingement  of  erosion  products 
coming  from  near  TC  9-4. 


e.  General  Discussion  of  Phase  I  Results 

(U)  The  data  from  Section  II  of  the  100  psia  and 
1000  psia  N20^-cooled  chamber  tests  and  the  data  from  Section  II  of  the 
100  psia  ClF^-cooled  chamber  tests  correlate  with  the  predictions  made  with 
the  analytical  heat  transfer  model  when  a  gas-side  film  coefficient  multiplier 
of  0.77  to  1.4  is  used.  This  excellent  correlation  over  a  wide  range  of 
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flow  rates  indicates  that  the  heat  transfer  model  works  reasonably  well  and, 
therefore,  it  can  be  used  to  scale  to  different  thrust  levels  and  chamber 
pressures. 


(U)  Section  II  of  the  N20^-  and  ClF^-cooled  chambers 
at  100  psia  and  Section  IV  of  the  N20^-cooled  chamber  at  1000  psia  operated 
with  wall  temperatures  that  were  below  the  design  value  with  coolant  flow 
rates  that  were  approximately  equal  to,  or  less  than  the  nominal  value  (see 
Tables  9  and  12).  It  is,  therefore,  concluded  that  except  for  the  heat  streak¬ 
ing  problem  the  TRANSPIRE  concept  operated  as  designed. 

(U)  The  chamber  wall  in  Sections  I  and  III  of  the 

N„0, -cooled  chamber  was  not  smooth.  As  discussed  in  Section  VI, C  these 
2  4 

surface  irregularities  apparently  acted  as  boundary  layer  trips,  as  heat  marks 
could  be  seen  to  initiate  from  them  (see  Figures  50  and  51) .  These  visual 
observations,  when  coupled  with  the  abnormally  high  heat  fluxes  that  were 
calculated  from  the  Section  I  and  III  data  at  100  psia  and  1000  psia,  indicate 
that  surface  roughness  aggravated  the  injector  streaking  problem.  On  the 
other  hand,  the  wall  of  the  ClF^-cooled  chamber  was  much  smoother  than  that  of 
the  N20^-cooled  chamber  (see  Figure  17,  Section  IV, C, 4).  The  thermocouple 
data  from  Sections  I  and  III  at  100  psia  and  1000  psia,  could  be  correlated 
with  the  heat  transfer  model.  The  heat  fluxes  to  the  wall  were  at  least 
half  those  observed  in  the  ^2^4  besting.  It  is  concluded  from  this  comparison 
that  minimization  of  the  coolant  flow  rate  requires  a  smooth  chamber  contour. 

(C)  As  can  be  seen  in  Figures  57  and  58,  temperature 
differences  of  as  much  as  500  to  1000®F  occurred  between  thermocouple  locations 
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VI,  D,  Heat  Transfer  (cont.) 

in  the  chamber  sections.  The  high  temperature  readings  occurred  on  thermo¬ 
couples  that  were  located  in  the  heat  streak  patterns.  Even  in  Section  II, 
which  was  relatively  free  of  visual  indication  of  heat  streaks,  evidenced 
heat  streaks  in  the  thermal  data  since  the  multiplier  on  the  gas-side  film 
coefficient  that  correlated  the  data  varied  from  0.77  to  1.4  depending  on 
location  in  the  chamber.  It  is  obvious,  then,  that  optimization  of  the 
coolant  flow  requirements  cannot  be  accomplished  until  the  injector  induced 
heat  streaks  are  eliminated. 

(C)  The  ClF^-cooled  chamber  was  not  operated  at 
1000  psia  for  long  enough  durations  to  give  conclusive  thermal  data.  However, 
on  the  final  test  the  throat  operated  at  steady-state  conditions  for 
1.5  seconds.  The  temperature  of  the  wall  was  approximately  790®F.  This  gives 
a  qualitative  indication  that  operation  of  a  CIF^  transpiration-cooled 
chamber  at  1000  psia  chamber  pressure  and  1000  lb  thrust  is  feasible. 

(U)  Reduction  of  the  thermal  data  for  Section  III  v/as 
complicated  by  the  use  of  instrumented  platelets  that  were  approximately  twice 
the  thickness  of  the  nominal  0.010  in.  thick  platelets.  New  instrumentation 
techniques  are  required  that  will  permit  instrumentation  of  0.010  in.  thick 
platelets.  The  use  of  the  0.023  in.  thick  instrumentation  platelets  in 
Section  II,  which  contained  platelets  that  were  nominally  0.020  in.  thick, 
proved  to  be  quite  satisfactory.  The  instrument  technique  of  placing  thermo¬ 
couples  in  the  platelets  gave  good  readings  of  the  surface  temperatures.  The 
response  time  of  the  thermocouples  was  excellent. 

(U)  Platelets  of  a  nominal  0.010  in.  thickness  were 
used  in  Section  III  and  platelets  of  a  nominal  0.020  in.  thickness  were  used 
in  Section  II.  The  effect  of  platelet  thickness  was  to  have  been  determined 
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VI,  D,  Heat  Transfer  (cont.) 

by  comparing  temperatures  from  the  aft  end  of  Section  II  (Instrumentation 

Platelet  No.  4)  to  temperatures  from  the  forward  end  of  Section  III 

(Instrumentation  Platelet  No.  3).  The  location  of  the  two  instrumentation 

platelets  relative  to  each  olI.J’"  is  shown  in  Figure  21  (Section  IV, D)  for 

the  N-0,-  and  ClF.-cooled  chambers.  Flow  maldistribution  in  Section  III  at 
2  4  3 

the  off-nominal  conditions  precluded  evaluation  of  the  effect  of  platelet 
thickness.  As  discussed  earlier  a  flow  ratio  (actual  to  nominal)  of  4.6  in 
Section  III  produces  a  flow  ratio  of  11.0  at  instrumentation  platelet  No.  3. 
Thus,  instrumentation  platelet  No.  3  and  No.  4  were  never  operated  at  the 
same  flow  conditions. 

3.  Phase  II 


(U)  Heat  transfer  data  and  analytical  results  similar  to 
that  obtained  in  Phase  I  are  shown  in  Figure  60  for  the  Phase  II  chamber.  The 
data  are  not  shown  for  Section  I  of  the  Phase  II  cooled  chamber  since  no  vari¬ 
ation  was  made  in  the  coolant  flow  rate. 

(U)  The  pressure  drop  across  the  platelets  in  Section  II  is 
the  difference  between  the  plenum  pressure  (PTCC-2)  for  Section  II  and  the 
chamber  pressure  (P^) ■  The  flow,  therefore,  on  the  instrumentation  platelets 
in  this  section  can  be  calculated  from  this  pressure  difference  and  the 
hydraulic  resistance  of  the  platelets.  The  only  unknowns  are  the  heat  transfer 
coefficient  and  the  amount  of  film  cooling  carryover.  Analysis  of  the  data 
was  made  assuming  no  film  cooling  carryover",  carryover  from  one  and  carryover 
from  tvjo  upstream  platelets.  Different  values  for  the  heat  transfer 
coefficient  were  assumed  for  each  film  carryover  condition.  Data  from  a 
specific  thermocouple  location  could  be  correlated  by  a  single  heat  transfer 
coefficient  at  all  flow  conditions  only  when  no  film  cooling  carryover  was 
used  in  the  model.  The  heat  transfer  coefficients  that  are  determined  in 
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VI,  D,  Heat  Transfer  (cent.) 

this  manner  are  unique  and  are  in  excellent  agreement  with  the  Phase  I  results. 
The  difference  in  heat  transfer  coefficients  that  correlate  the  data  from 
the  various  thermocouples  (see  Figure  60)  is  a  measure  of  the  circumferential 
and  axial  variation  heat  flux  to  the  wall. 

(U)  The  correlation  of  the  temperature  data  from  chamber 
Section  III,  the  nozzle  section,  is  more  complicated  since  the  gas  pressure 
at  the  axial  position  of  each  instrumentation  platelet  along  the  chamber  con¬ 
tour  is  not  known.  Thus,  the  precise  value  of  the  flow  on  the  platelet  is 
not  known.  The  model  was  used  to  correlate  the  data  using  back  pressure, 
film  cooling  carryover  and  gas-side  heat  transfer  coefficients  as  variables, 
assuming  that  there  is  no  change  with  coolant  flow  rate  in  the  heat  transfer 
coefficient  or  the  ratio  of  the  local  gas  pressure  to  chamber  pressure.  Only 
one  combination  of  pressure  ratio  and  heat  transfer  coefficient  matched  the 
data  from  each  thermocouple  at  all  test  conditions.  The  heat  transfer 
coefficients  determined  in  this  manner  are  consistent  with  the  Phase  I 
results  and  the  Phase  II  results  for  Section  II  (see  Figure  60).  Film 
cooling  carryover  from  one  upstream  platelet  correlated  the  data. 

(U)  The  data  for  instrumentation  platelet  No.  1  (throat) 
correlated  with  the  model  for  a  back  pressure  that  was  78%  of  chamber  pressure. 
The  theoretical  pressure  profile  predicts  a  pressure  in  the  throat  that  is 
about  57%  of  chamber  pressure.  Instrumentation  platelet  No.  2  is  located  in 
the  convergent  section  of  the  nozzle  at  area  ratio  -1.2.  The  gas  pressure  at 
this  area  ratio  theoretically  is  89.5%  of  chamber  pressure.  The  data  from 
this  instrumentation  platelet  correlated  with  flow  rates  that  were  obtained 
assuming  100%  P^  as  the  back  pressure.  Thus,  the  data  from  thermocouples  1-1 
and  2-1  (see  Section  IV, D, 2  for  location  of  these  themvocouples)  were  correlated 
with  flow  rates  that  were  lower  than  would  be  predicted  on  the  basis  of  the 
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VI,  D,  Heat  Transfer  (cont.) 

theoretical  pressure  gradient  in  the  nozzle.  It  is  not  known  whether  this 
results  because  of  a  bias  in  the  model  that  is  caused  by  the  assumptions  and 
simplifications  inherent  in  the  model  or  whether  the  particular  geometry  or 
blowing  effect  of  the  transpiration  cooling  causes  the  pressure  gradient  in 
the  nozzle  to  differ  slightly  from  the  theoretical  profile. 

(U)  As  can  be  seen  in  Figure  60  the  analytical  results  that 
correlate  the  data  have  been  extrapolated  to  the  design  conditions.  The 
obvious  inference  is  that  the  maximum  wall  temperatures  in  Sections  II  and  III 
would  be  approximately  1200®F,  the  design  value,  at  the  design  flow  rate. 

Thus,  using  the  model  to  extrapolate  the  data  indicates  that  the  TRANSPIRE 
chamber  operated  as  designed. 
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VI,  Results  (cont.) 

E.  COOLED  CHAMBER  PERFORMANCE 

(U)  The  test  data  obtained  during  the  cooled  chamber  testing  were 
evaluated  to  determine  what  performance  loss  was  incurred  due  to  the  transpira¬ 
tion  cooling  system.  A  tabulated  summary  of  this  cooled  chamber  performance 
data  including  a  comparison  with  the  uncooled  data  is  shown  in  Table  19. 

1.  N^O^/AeroZINE  50  Cooled  Chamber  Performance 


(U)  The  coolant  I  loss  listed  in  Table  19  includes  the 
sp 

influence  of  a  change  in  overall  mixture  ratio.  From  Figure  61  it  is  apparent 
that  the  theoretical  performance  is  decreased  at  the  cooled  test  overall 
mixture  ratio  (0/F) .  These  overall  0/F's  were  in  excess  of  stoichiometric. 

It  is  probable  that  less  performance  loss  could  have  been  demonstrated  if  the 
core  (injector)  had  been  optimized  in  0/F  for  peak  system  performance.  (Peak 
system  performance  with  transpiration  cooling  or  film  cooling  does  not  neces¬ 
sarily  occur  at  the  optimum  0/F  for  uncooled  or  regeneratively  cooled  chambers.) 

(U)  The  N20^-cooled  chamber  tests  were  run  with  an  injector 
mixture  ratio  of  approximately  2.  The  injector  checkout  tests,  which  were  used 
as  a  performance  datum  for  cooled  test  evaluation,  were  run  at  an  O/F  of  about 
1.6.  Therefore,  the  zero  coolant  case  I^^  used  for  comparison  herein  corresponds 
to  the  injector  test  1^^  minus  the  change  in  theoretical  1^^  between  0/F  of  1.6 
and  2.0.  This  was  considered  permissible  since  mixture  ratio  sensitive  losses, 
such  as  mixture  ratio  distribution  and  nozzle  kinetic  losses,  were  found  to 
be  negligible.  Tables  20  and  21  are  a  performance  summary  of  the  longer  dura¬ 
tion  N„0, -cooled  tests. 

2  4 
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(C)  TABLE  20 

N^O, -COOLED  CHAMBER  PERFORMANCE  (100  LB  THRUST)  (U) 
2  4 


Test 
No.  • 

Injector 

Mixture 

Ratio 

(0/F)^ 

Theo. 

I 

sp 

@  (0/F)^ 
(sec) 

Total 

Mixture 

Ratio 

(0/F)^ 

Theo. 

I  @ 
sp 

(0/F)^ 

(sec) 

I 

sp 

Test, 

Vac 

(sec) 

X  Theo. 

I  @ 
sp 

(0/F)j. 

Flow 

Ratio 

1K-3C- 

104 

1.99 

245.6 

6.970 

180.0 

116.8 

64.8% 

0.624 

106 

1.98 

245.7 

6.262 

184.0 

113.1 

61.5 

0.588 

109 

1.98 

245.7 

5.354 

192.0 

133.6 

69.6 

0.530 

110 

1.98 

245.7 

4.951 

196.7  , 

132.4 

67.3 

0.498 

111 

1.95 

246.0 

4.606 

201.7 

134.8 

66.8 

0.473 

113 

2.00 

245.5 

4.388 

205.3 

161.0 

78.4 

0.442 

121 

2.00 

245.5 

4.098 

210.5 

173.5 

82.4 

0.410 

122 

1.96 

245.9 

4.042 

211.4 

173.3 

81.9 

0.411 

123 

1.98 

245.7 

4.049 

211.3 

174.1 

82.3 

0.409 

129 

2.11 

244.1 

4.235 

208.0 

169.4 

81.4 

0.405 

143 

2.18 

243.3 

3.765 

216.5 

181.2 

83.6 

0.330 

144 

2.18 

243.3 

3.740 

217.0 

182.4 

84.0 

0.329 

145 

2.18 

243.3 

3.758 

216.6 

184.3 

85.0 

0.329 

146 

2.09 

— 

3.589 

— 

— 

— 

— 

148 

2.16 

243.5 

3.580 

220.0 

186.6 

84.8 

0.309 

151 

2.13 

243.9 

3.526 

220.7 

189.2 

85.7 

0.306 

152 

2.:  4 

243.8 

3.543 

221.0 

189.7 

85.8 

0.306 

154 

2.:.8 

243.3 

3.615 

219.5 

201.6 

91.8 

0.309 

159 

2.13 

243.9 

3.322 

224.8 

201.2 

89.5 

0.275 

162 

2,14 

243.8 

3.291 

225.2 

199.3 

88.4 

0.266 

165 

2.17 

243.4 

3.336 

224.5 

204.6 

91.1 

0.267 

166 

2.15 

243.6 

3.305 

225.0 

195.6 

86.9 

0.266 

168 

2.13 

243.9 

3.230 

226.2 

195.4 

86.3 

0.259 

171 

2.16 

243.5 

3.253 

225.5 

205.6 

91.1 

0.257 

172 

2.16 

243.5 

3.267 

225.4 

197.9 

87.7 

0.258 

174 

2.09 

244.3 

3.123 

228.3 

199.0 

87.1 

0.249 

177 

2.16 

243.5 

3.220 

226.7 

199.3 

87.9 

0.248 

181 

2.14 

243.8 

3.184 

227.3 

196.8 

86.5 

0.248 

185 

2.13 

243.9 

3.309 

225.0 

193.4 

85.9 

0.271 

189 

2.18 

243.3 

3.208 

227.0 

205.2 

90.3 

0.243 

190 

2.13 

243.9 

3.151 

227.6 

193.6 

85.0 

0.244 

192 

2.19 

243.4 

3.223 

226.2 

191.5 

84.6 

0.244 

193 

2.17 

243.4 

3.195 

227.0 

194.7 

85.7 

0.243 
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(C)  TABLE  21 

-COOLED  CHAMBER  PERFORMANCE  (1000  LB)  THRUST  (U) 


Test 

No. 

Inj ector 
Mixture 
Ratio 
(0/F)^ 

Theo. 

I 

sp 

@  (0/F)^ 
(sec) 

Total 

Mixture 

Ratio 

(0/F)^ 

Theo. 

I  @ 
sp 

(0/F)^ 

(sec) 

I 

sp 

Test , 

Vac 

(sec) 

%  Theo. 

I 

sp 

(0/F)j. 

Flow 

Ratio 

"c/"t 

1K-3C 

198 

1.95 

252.5 

3.07 

231.0 

177.4 

76.8 

0.276 

205 

2.00 

252.0 

3.23 

227.5 

184.0 

80.9 

0.291 

207 

2.06 

251.0 

3.26 

227.0 

177.7 

78.3 

0.282 

210 

2.06 

251.0 

3.26 

227.0 

184.1 

82.1 

0.282 

211 

2.07 

251.0 

3.27 

226.7 

182.9 

80.6 

0.281 

212 

2.07 

251.0 

3.27 

226.7 

183.3 

80.8 

0.282 

213 

2.08 

250.7 

3.29 

226.2 

182.8 

80.8 

0.282 

214 

2.06 

251.0 

3.27 

226.7 

184.1 

81.2 

0.282 

215 

2.08 

250.7 

3.29 

226.2 

185.3 

81.9 

0.283 

216 

2.06 

251.0 

3.27 

226.7 

186.4 

82.2 

0.282 

218 

2.07 

251.0 

3.28 

226.5 

184.4 

81.4 

0.283 

219 

2.21 

248,5 

3.50 

221.7 

179.1 

80.7 

0.286 

220 

2.02 

251.5 

3.19 

228.3 

183.9 

80.5 

0.281 
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VI,  E.  Cooled  Chamber  Performance  (cent.) 


(U)  Since  the  same  Injector  and  the  same  Internal  chamber-nozzle 

contour  was  used  for  both  the  uncooled  chamber  tests  and  the  cooled  chamber 

tests,  the  losses  f^‘om  the  uncooled  tests  were  applied  as  a  constant  percentage 

of  theoretical  I  for  the  cooled  tests.  Thus,  the  area  between  the  uncooled 
sp 

test  losses  and  the  cooled  test  curve  in  Figure  61  was  attributed  to  the  coolant 
loss. 


(U)  Figure  61  also  Includes  two  curves  corresponding  to  perfor¬ 
mance  prediction  models.  The  lower  curve  on  each  plot  assumes  that  there  is  no 
energy  exchange  between  the  coolant  and  core  and,  therefore,  only  the  core  con¬ 
tributes  to  I  ,  l.e.: 
sp’ 


I  - 

sp 


(6) 


Where; 


w^ 


8p,C 


Injector  (core)  flow  rate 

Total  (injector  plus  coolant)  flow  rate 

Igp  of  core  at  injector  mixture  ratio. 


(U)  The  other  performance  model  curve  assumes  that  energy  is 
exchanged  from  the  core  to  the  coolant  until  the  coolant  and  core  are  in 

thermal  equilibrium.  The  I  of  each  couponent  is  then  calculated  as  described 

sp 

in  Appendix  II,  and  the  summation  is  a  prediction  of  performance.  The 
assumption  was  made  that  combustion  between  the  core  and  coolant  was  negligible 
due  to  the  small  chemical  reaction  potential  between  the  two  streams  with  the 
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VI,  E,  Cooled  Chamber  Performance  (cont.) 

core  operating  near  stoichiometric  mixture  ratio  during  the  N^O^-cooled  tests 
(2.C  test  vs  2.2  stoichiometric).  With  the  assumption  of  no  combustion  between 
the  core  and  the  coolant,  the  thermal  equilibrium  model  yields  the  higher 
predicted  performance. 

(U)  It  is  obvious  from  Figure  61  that  the  correlation  of  the 
200  psia  data  with  the  thermal  equilibrium  model  improves  with  the  reduction 
in  coolant  flow  rate.  This  suggests  that  the  temperature  reached  by  the 
coolant  prior  to  expansion  varies  with  the  coolant  flow  rate  and  that  the 
performance  at  1000  psia  will  approach  that  predicted  by  the  complete  energy 
exchange  model  as  coolant  flow  rates  arc  reduced. 

(U)  The  temperature  of  the  coolant  is  influenced  by  its 
dissociation.  The  three  reactions  that  occur  are: 

N2O4—  2  NO2 

2  2  NO+O^ 

2  NO  -  *  N^+O^ 

The  first  two  reactions  occur  very  rapidly  relative  to  the  last  reaction.  The 
first  two  reactions  are  endothermic;  the  last  reaction  is  exothermic.  The  NO 
temperature  must  be  above  2500*R  for  its  dissociation  to  occur.  If  the  coolant 
is  heated  to  2500*R  a  constant  enthalpy  process  during  the  exothermic  reaction 
will  produce  a  coolant  temperature  of  approximately  5000*R. 
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IV,  E,  Cooled  Chamber  Performance  (cont.) 

(C)  The  thermal  model  was  used  in  connection  with  the  test 
specific  impulses  to  evaluate  the  coolant  temperatures.  The  resultant  perfor¬ 
mance  prediction  as  a  function  of  the  assumed  amount  of  heat  transferred  to  the 
coolant  (expressed  in  terms  of  final  coolant  temperature)  is  plotted  on 
Figure  62.  From  the  fig  re  it  is  seen  that  at  1000  psia  the  test  I  of  185  sec 
occurred  at  a  final  coolant  temperature  of  1050°R  and  a  final  core  temperature 
of  5630®R.  In  contrast,  for  the  100  psia  case  at  a  comparable  flow  ratio  th- 
test  I^p  correlated  with  the  point  of  coolant-core  thermal  equilibrium. 

(U)  Several  conclusions  can  be  drawn  from  Figure  62:  (1)  the 

temperature  acquired  by  the  coolant  apparently  is  a  function  of  the  mass  flow 
rate  for  a  fixed  nozzle  size,  (2)  the  temperature  acquired  by  the  coolant  at  a 
given  flow  rate  depends  on  thrust  level  and/or  chamber  pressure,  and 

(3)  the  exothermic  dissociation  of  NO  to  and  0^  apparently  makes  a  significant 
contribution  to  the  specific  impulse  contribution  of  the  coolant. 

2.  ClF^/MHF-l  Cooled  Chamber  Performance 

(U)  Tables  22  and  23  present  a  performance  summary  for  the 
longer  duration  32  L*  100  lb  thrust  Phase  I  and  25  L*  1000  lb  thrust  Phase  II 
CIF^  -cooled  chamber  tests.  Since  the  coolant  distribution  during  the 
32  L*  1000  lb  Phase  I  tests  was  irregular  due  to  the  presence  of  salts  in  the 
platelets  and  since  the  tests  were  very  short,  no  performance  evaluation  was 
attempted.  The  100  lb  thrust  32  L*  chamber  data  and  the  1000  lb  thrust  25  L* 
chamber  data  are  plotted  in  Figure  63  which  shows  I  as  a  function  of  the 
coolant  flow  fraction.  The  performance  prediction  model  used  for  the 
N^O^  -  cooled  chambers  tests  as  discussed  in  Appendix  II  was  applied  to  the 
CIF^  -  cooled  chamber  test  data  and  the  results  are  also  shown  in  Figure  63. 
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(C)  TABLE  22 

CIF^-COOLED  yi  L*  CHAMBER  PERFORMANCE  (iOO  LB  THRUST)  (U) 


Test 

No. 

Injector 

Mixture 

Ratio 

(0/F)^ 

Theo . 

I 

sp 

@  (0/F)^ 
(sec) 

Total 

Mixture 

Ratio 

(0/F)j. 

Tlieo. 

I  6! 
sp 

(U/F) 

(sec) 

I 

sp, 

Test 

(Vac) 

(sec) 

%  Theo. 

I 

sp 

0  (0/F)j, 

Coolant 

Flow 

Ratio 

1K-3U- 

104* 

2.33 

248.3 

4.45 

228.5 

207.4 

90.8 

0.475 

108* 

2.34 

248.3 

3.86 

239.2 

190.1 

79.5 

0.312 

110* 

2.35 

248.4 

3.86 

239.2 

203.2 

85.0 

0,311 

111* 

2.38 

248.4 

3.79 

240.1 

198.5 

82.6 

0.293 

112* 

2.33 

248.3 

3.70 

241.2 

208.5 

86.4 

0.291 

113 

2,43 

248.8 

3.69 

241.3 

187.7 

77.7 

0.268 

114 

2.42 

248.7 

3.67 

241.5 

190.1 

78.7 

0.267 

(C)  TABLE  23 

CIF^-COOLEU  25  L*  CHAMBER  PERFORMANCE  (1000  LB  THRUST)  (L) 


j 

1K-5B- 

102 

.835 

228 

1.84 

249 

158.0 

63.4 

34.8 

105 

2.66 

253 

4.43 

230 

167.9 

73.0 

32.6 

106 

2.65 

253 

4.43 

230 

166.8 

72.5 

32.6 

109 

2.69 

253 

4.26 

234 

174.2 

74.4 

29.8 

110 

2.62 

253 

4.13 

236 

176.7 

74.8 

29.4 

111 

2.70 

253 

4.04 

238 

174.0 

73.0 

26.4 

112 

2.70 

253 

4.02 

238 

175.7 

73.8 

26.2 

'■'Water 

leak  into 

chamber 

invalidates 

I  calculation. 

sp 
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VI,  E,  Cooled  Chamber  Performance  (cont.) 

(U)  As  discussed  in  Section  V,D,l,b  a  water  leak  occurred 

during  some  of  the  100  lb  thrust  Phase  I  tests.  Since  the  water  leak  into  the 

chamber  increased  the  flow  rate  by  an  unknown  amount  which  could  not  be  included 

in  the  1  calculations  it  resulted  in  a  higher  apparent  I  .  Data  from  test 
sp  sp 

1K-3D-104  were  plotted  in  Figure  64  as  a  function  of  test  duration  to  illus¬ 
trate  the  effect  of  the  water  leak.  The  marked  increase  in  performance  about 

35  seconds  into  the  test  is  interpreted  as  an  indication  that  the  water  leak 

became  significant  at  that  point.  The  coolant  manifold  was  pressurized  before 
and  after  the  test;  no  water  leakage  into  the  chamber  was  observed  before  the 
test,  but  water  was  observed  in  the  chamber  at  the  end  of  the  test. 

(U)  As  can  be  seen  in  Figure  63  for  the  100  lb  thrust  data 

the  I  obtained  on  some  of  the  tests  is  greater  than  that  obtained  with  no 
sp 

coolant  (the  injector  baseline  performance  tests).  Water  was  leaking  into  the 
chamber  at  the  conclusion  of  these  tests.  Two  tests  have  been  identified  in 
Figure  63  and  Table  22  as  providing  data  unaffected  by  a  water  leak.  They  are 
tests  1K-3D-113  and  -114.  The  water  coolant  circuit  was  pressurized  before 
and  after  test  1K-3D-113  and  no  leakage  of  water  into  the  chamber  was  observed. 
As  shown  in  Figure  34  (Section  V,D)  the  change  in  chamber  Section  I  plenum 
pressure  indicates  that  the  water  leak  occurred  about  20-25  sesonds  into  test 
1K-3D-114.  Therefore,  it  was  concluded  that  only  tests  -113  and  -114  (prior 
to  the  water  leak)  provided  valid  performance  data. 

(U)  There  is  a  significant  difference  in  the  correlation  of 
the  100  lb  thrust  and  1000  lb  thrust  data  with  tlie  analytical  model.  As  shown 
in  Figure  63  on  the  basis  of  two  tests  with  no  water  leak  the  100  lb  thrust 
experimental  data  are  higher  than  the  model  predicts;  the  1000  lb  thrust  exper¬ 
imental  data  correlate  quite  well  with  the  model  prediction.  (The  1000  lb 
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VI,  E,  Cooled  Chamber  Performance  (cont.) 

thrust  data  from  test  1KK-5B-112  was  not  Included  because  the  nozzle  erosion 
makes  it  impossible  to  define  the  nozzle  geometry.)  There  is  a  somewhat  remote 
possibility  that  there  was  an  unobserved  water  leak  during  test  -113  which 
invalidates  the  results  from  tests  -113  and  -114.  However,  it  is  more  likely 
that  the  difference  results  from  combustion  of  some  of  the  oxidizer  coolant. 

(U)  The  model  assumes  that  there  is  no  combustion  between 

the  core  and  the  coolant.  The  N.O, -cooled  chamber  tests  were  made  with 

2  4 

injector  mixture  ratio  that  ranged  from  1.95  to  2.2.  Since  stoichiometric*  is 
approximately  2.2  there  is  very  little  chemical  potential  to  cause  combustion 
of  the  N-0,  coolant.  Thus,  the  N.,0, -cooled  chamber  data  are  consistent  with 
this  assumption  in  the  model.  The  100  lb  thrust  ClF^-cooled  chamber  tests 
were  made  with  an  injector  0/F  that  was  2.33  to  2.43;  stoichiometric  0/F  is 
approximately  3.5*.  Thus,  there  is  considerable  chemical  potential  for  com¬ 
bustion  of  some  of  the  coolant.  For  the  1000  lb  thrust  ClF^-cooled  chamber 
tests  the  injector  mixture  ratio  was  2.6  to  2.7.  Consequently  less  chemical 
potential  was  available  between  the  coolant  and  the  core,  which  may  account 
for  the  agreement  of  the  1000  lb  thrust  data  with  the  model. 

(U)  It  is  obvious  from  the  analysis  of  the  1000  lb  thrust 
data  shown  in  Figure  63  that  there  are  two  significant  factors  that  affect 
performance.  The  first  is  the  cooling  loss;  the  second  is  a  mixture  ratio 
loss.  If  there  were  no  loss  at  all  due  to  the  unheated  coolant  there  is  still 
considerable  loss  due  to  operation  at  a  high  thrust  chamber  mixture  ratio. 

Thus,  it  appears  that  considerable  improvement  in  performance  may  result  from 
operation  of  the  cooled  chambers  at  a  lower  injector  mixture  ratio. 


*Stoichiometric  is  here  defined  as  the  O/F  producing  maximum  enthalpy. 
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IV,  E,  Cooled  Chamber  Performance  (cont.) 

3.  General  Discussion 


(U)  The  performance  of  the  TRANSPIRE  chambers  can  be  improved 
by  reduction  of  the  coolant  flow  rate.  Figure  65  shows  the  loss  of  performance 
due  to  the  coolant  for  operation  of  the  CIF^-  and  N^O^-cooled  chambers  at 
100  lb  thrust  and  at  1000  lb  thrust.  The  final  test  conditions  and  the  design 
conditions  are  shown  on  this  figure  to  summarize  actual  and  potential 
performance.  Only  the  ClF^-cooled  chamber  at  100  lb  thrust,  100  psia  chamber 
pressure  was  operated  with  a  coolant  flow  rate  that  was  almost  equal  to  the 
design  value.'  The  performance  penalty  for  transpiration  cooling  chambers  in 
the  100  to  1000  lb  thrust  range  is  predicted  to  be  8-9% 

(U)  The  deviation  of  the  1000  psia  performance  loss 

data  from  the  rest  of  the  data  (Figure  65)  is  probably  due  to  nozzle  geometry 
differences  between  the  cooled  and  ablative  chambers.  Discoloration,  heat 
marks,  and  erosion  on  the  aft  end  of  the  ablative  and  cooled  chambers 
indicated  that  the  exhaust  plume  attached  to  the  aft  end  of  the  chambers 
during  all  1000  psia  testing,  except  for  the  1000  psia  N^O^  injector  checko’’t 
tests.  The  silica  buildup  that  occurred  during  these  checkout  tests  formed 
a  nozzle  extension  (see  Figure  40)  that  precluded  attachment.  The  performance 
degradation  curve  for  ^20^  at  1000  psia  (Figure  65)  is  probably  higher  than 
the  rest  of  the  data  because  the  cooled  chamber  data  includes  nozzle  losses 
(due  to  attachment)  that  did  not  occur  during  the  injector  checkout  testing. 
TRANSPIRE  testing  on  a  company-sponsored  program  using  CIF^  at  1000  psia 
and  a  7:1  water-cooled  nozzle  extension  indicates  that  the  attachment  of  the 
exhaust  plume  introduces  a  performance  loss  that  is  approximately  2  to  4% 
at  a  coolant  flow  rate  that  is  30%  of  the  tota]  flow  rate. 
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IV,  E,  Cooled  Chamber  Performance  (cont.) 

(U)  Although  the  data  used  for  the  100  psia  CIF^  performance 
loss  determination  were  taken  from  tests  in  which  no  water  leak  into  the 
chamber  was  detected  there  is  a  distinct  possibility  that  a  leak  existed  and 
was  not  detected.  The  additional  unknown  water  mass  would  increase  performance 
Thus,  the  apparent  low  performance  degradation  for  CIF^  at  100  psia  may  be 
due  to  the  more  fuel  rich  mixture  ratio  conditions,  but  at  the  same  time  may 
be  the  result  of  a  water  leak. 

(U)  Because  of  the  difference  in  nozzle  geometries  between 
the  1000  psia  N20^  ablative  and  cooled  chambers,  and  because  the  100  psia  ClF^ 
data  could  be  affected  by  an  undetected  water  leak,  the  100  psia  and 

the  1000  psia  CIF^  performance  data  are  considered  to  be  the  most  reliable 
data. 

(U)  The  performance  loss  that  occurred  when  the  ClF^-cooled 

chamber  was  fired  at  1000  psia  with  an  injector  0/F  of  0.835  was  estimated 

to  be  11.5%  AI  .  The  coolant  flow  rate  was  35%  of  the  total  propellant 

flow  rate.  With  the  normal  injector  0/F  (2.6  to  2.7)  the  performance  loss 

at  that  coolant  flow  rate  would  be  about  doubled  (see  Figure  65) .  This 

substantial  decrease  in  performance  loss  at  low  injector  0/F  plus  the 

degradation  that  results  because  the  high  coolant  flow  rates  produce  high 

mixture  ratios  suggest  that  cooled  chamber  performance  can  be  improved  by 

operating  with  a  lower  (more  fuel  rich)  injector  mixture  ratio.  Testing  on 

a  company  program  with  a  1:1  ClF^-cooled  1000  psia  TRANSPIRE  chamber  has 

shown  that  lower  injector  mixture  ratios  improve  performance,  but  that  this 

gain  may  be  partially  offset  by  an  increased  coolant  flow  required  to  offset 

increased  wall  temperatures.  The  test  results  are  summarized  in  Table  2A. 

C*  was  used  as  a  measure  of  performance  since  attachment  of  the  exhaust  plume 

to  area  ratio  25  made  I  difficult  to  evaluate. 

sp 
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Figure  65.  Performance  Less  Due  to  Coolant  (u) 
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IV,  E,  Cooled  Chamber  Performance  (cont.) 

(C)  TABLE  24 

EFFECT  OF  INJECTOR  0/F  ON  PERFORMANCE  (U) 


Wall 

Temperatures 


Test  No. 

w  /w^ 
c/  t 

0/F 

Ini ec tor 

0/F 

Chamber 

AC* 

(%) 

( 

TC  2-2 

"F) 

TC  3-' 

1K-5C-102 

0.268 

2.71 

4.07 

13.8 

1209 

818 

-103 

0.267 

2.72 

4.07 

14.2 

1171 

853 

-104 

0.263 

2.55 

3.82 

13.4 

1253 

886 

-105 

0.256 

2.285 

3.41 

11.5 

1307 

1017 

(U)  Figure  66  shows  the  performance  loss  that  is  predicted 
for  high  thrust  TRANSPIRE  chambers.  The  data  on  the  figure  is  the  100  lb 
N20^  and  the  1000  lb  thrust  Phase  II  CIF^  data.  The  curve  in  Figure  66 
differs  slightly  from  the  100  psia  N20^  and  1000  psia  CIF^  curves  in  Figure  65; 
the  curves  in  Figure  65  are  based  on  the  model  prediction  of  performance; 
the  curve  in  Figure  66  is  based  on  the  data.  Only  a  few  data  points  are 
shown  on  Figure  66  for  clarity.  As  the  thrust  level  is  increased  the  ratio  cf 
surface  area  to  volume  (propellant  flow  rate)  decreases.  Thus,  the  amount  of 
coolant  required  at  higher  thrust  levels  increases  in  absolute  value  roughly 
in  proportion  to  the  surface  area,  but  decreases  in  terms  of  the  fraction  of 
the  total  propellant  flow  rate.  The  cooled  chamber  data  have  been  extrapo¬ 
lated  to  zero  performance  degradation  at  zero  coolant  flow  in  Figure  66  and 
the  coolant  flow  requirements  for  25  L*  chambers  at  various  thrust  levels 
have  been  shown  on  the  curve  to  indicate  the  performance  loss  that  can  be 
«?xpected  at  the  higher  thrust  levels. 
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Figure  66.  Performance  Degradation  Due  to  Coolant  (u) 
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VII.  SCALING 

(U)  This  section  discusses  the  applicability  of  the  TRANSPIRE  concept 
to  a  thrust  chamber  operating  at  1000  psia  and  5000  lb  thrust.  The  correlation 
between  anticipated  and  test  results  will  be  reviewed;  recommended  modifications 
will  be  discussed;  the  method  of  scaling  will  be  exemplified. 

A.  CORRELATION  BETWEEN  TEST  AND  ANTICIPATED  RESULTS 

(U)  The  ClF^-cooled  nickel  TRANSPIRE  chamber  was  designed  to 
operate  with  a  1200®F  surface  temperature.  The  N20^^-cooled  stainless  steel 
TRANSPIRE  chamber  was  designed  to  operate  at  a  1500 ®F  surface  temperature.  The 
coolant  flow  rates  (nominal  flow  rates)  that  were  predicted  to  produce  these 
temperatures  are  given  in  Table  25  along  with  the  actual  steady  state  operating 
temperatures  and  flow  rates.  The  coolant  flow  to  each  chamber  section  was 
not  reduced  to  its  minimum  value. 

(U)  Injector  streaking  and  surface  roughness  produced  localized 
areas  of  abnormally  high  heat  fluxes.  In  order  to  adequately  cool  these  areas 
excessive  coolant  flow  was  required.  As  much  as  80%  of  the  chamber  surface  area 
was  overcooled.  In  Section  II  of  the  ^20^-  and  ClF^-cooled  chambers  (100  psia) 
and  Section  IV  of  the  N2O ^-cooled  chamber  (1000  psia)  the  heat  streaks  were  not 
as  pronounced.  These  chamber  sections  operated  at  temperatures  below  the  design 
value  with  flow  rates  that  were  equal  to  (approximately)  or  less  than  nominal. 
The  film  cooling  effect  from  overcooled  upstream  chamber  sections  probably 
influenced  these  results.  However,  it  is  apparent  that:  (1)  in  the  absence  of 
heat  streaks  the  correlations  between  anticipated  and  actual  test  results  was 
good  and  (2)  the  heat  streaking  must  be  mitigated  if  coolant  flow  rates  are  to 
be  optimized. 

(U)  The  correlation  between  the  test  data  and  the  heat  transfer  and 
performance  models  is  discussed  in  Section  VI, D  and  Section  VI, E.  Graphical 
presentations  are  made  in  these  sections  of  the  data  and  the  predicted  results. 
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VII,  Scaling  (cont.) 

B.  RECOMMENDED  MODIFICATIONS 

(U)  For  utilization  of  the  TRANSPIRE  concept  in  a  5000  lb  thrust, 
1000  psia  application  no  changes  are  recommended  to  the  basic  design.  The  flow 
metering  and  hot  spot  prevention  features  worked  as  designed  (see  Section  VI, C). 
The  clocking  feature  not  only  effected  substantial  cost  savings  since  the  chamber 
was  constructed  with  only  seven  platelet  designs,  but  it  provided  the  flexibility 
that  permitted  last  minute  design  changes  to  be  incorporated.  For  example,  it 
permitted  the  flow  to  the  instrumentation  platelets  to  be  set  according  to  their 
thickness,  which  could  not  be  measured  until  after  fabrication  of  the  platelets. 
The  fabrication  of  metering  platelets  from  sheet  stock,  the  thickness  of  which 
can  be  controlled  and  measured,  resulted  in  metering  grooves  that  gave  a 
•predictable  flow  that  was  not  dependent  on  the  platelet  fabrication  process. 

(U)  Some  minor  changes  are  recommended.  The  inlet  to  the  platelets 
should  be  redesigned  to  provide  support  for  the  thin  metering  platelet  so  that 
it  cannot  block  the  inlet  (see  Section  VI, B).  Improved  instrumentation  that 
will  permit  use  of  0.010  inch  instrumented  platelets  among  0.010  inch  thick 
platelets  in  the  critical  throat  area  will  improve  data  acquisition  and  interpre¬ 
tation  and  will  simplify  analysis,  in  addition  to  insuring  that  the  instrumenta¬ 
tion  platelet  is  behaving  exactly  like  its  neighbors.  The  divider  seal  rings 
(see  Section  IV,C,3,a)  should  be  constructed  using  a  distribution  type  platelet 
so  that  they  can  be  cooled  by  coolant  flow  on  both  sides  and  not  rely  on  film 
cooling  as  is  presently  done.  Two  to  three  platelets  upstream  of  each  divider 
platelet  were  clocked  to  give  maximum  coolant  flow  to  provide  the  film  cooling 
for  the  divider.  Because  of  film  cooling  carryover  the  thermocouples  in  the 
instrumentation  platelets  located  approximately  0.050  to  0.10  inches  downstream 
of  the  dividers  consistently  read  low  compared  to  the  other  thermocouple 
locations. 
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VII,  B,  Recommended  Modifications  (corit.) 

(U)  Other  than  elimination  of  injector  streaking  (which  is  a 
separate  problem) ,  the  only  major  modification  that  is  recommended  is  to  the 
nssembly  procedure.  The  use  of  holes  etched  in  the  platelets  in  connection 
with  index  rods  to  align  the  platelets  in  final  assembly  was  unsatisfactory, 
rjccause  many  of  the  index  holes  were  oversized  the  fit  of  the  rod  in  the  index 
hole  was  not  precise  enough  to  return  every  platelet  to  the  exact  position  it 
occupied  during  machining.  Some  platelets  therefore  were  recessed  on  one  side 
of  the  chamber  and  protruded  from  the  wall  on  the  opposite  side.  In  Phase  II 
the  diameter  of  the  index  holes  was  enlarged  by  EDM  while  the  entire  stack 
v;.is  elampod  in  the  machining  fixture.  This  was  done  to  insure  that  the  holes 
in  ail  the  platelets  were  the  same  size  and  to  ensure  proper  alignment  of  the 
holes.  ^  tightly  fitting  index  rod  was  fitted  into  the  holes  and  then  the 
.nail  Of.  .  ontour  was  macliined.  This  method  of  mating  the  index  rod  to  the 
holes  improved  tlie  alignment,  but  because  of  tolerances  perfect  alignment 
was  not  obtained  upon  reassembly  after  cleaning.  It  is  recommended  that 
modular  construction  be  used,  and  that  once  machined  the  modules  should  not 
he  disassembled.  The  platelets  should  be  cleaned,  bonded  together  by  welding 
or  luazing,  and  the  contour  should  be  dry  machined.  The  metal  that  is  flowed 
into  the  coolant  passages  by  the  machining  operation  can  be  removed  by 
electropolish.  Instrumentation  platelets  can  be  located  between  modules. 
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Vll,  Scaling  (cont.) 

C.  METHOD  OF  SCALING 


(U)  In  going  from  the  experimental  conditions  to  new  thrust  levels 
not  only  the  coolant  flow  requirements  must  be  determined,  but  also  the  optimum 
platelet  thickness,  and  the  wall  thickness  required  to  prevent  heat  penetration 
to  the  flow  metering  channels.  In  determining  the  coolant  flow  required  to 
maintain  a  given  wall  temperature  the  heats  of  reaction  of  the  coolant  and  its 
film  cooling  effect  must  be  considered. 


(U)  A  simple  formula  for  scaling  that  defines  the  critical  con¬ 
trolling  parameters  can  be  developed  from  equation  (13)  of  Appendix  I: 


T  -  T 


c.o 


T  -  T 
g  c,o 


rj^(X-L) 


1  + 


K  r, 
m  1 


(7) 


Where 


A 

B 

C 


m 


t 

T 

T 


c.o 


-A  +-\/Z 

2  V  4 


+  B 


L  m 

Coolant  heat  capacity 

Coolant  mass  velocity  (based  on  depth  of 
flow  channel  plus  platelet  thickness) 

Gas-side  heat  transfer  coefficient 

Liquid  side  heat  transfer  coefficient 

Platelet  thermal  conductivity 

Distance  from  point  of  coolant  inlet  to 
hot  gas  surface 

Platelet  half  thickness 

Platelet  temperature  at  X 

Coolant  inlet  temperature 

Gas  temperature 
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VII,  C,  Method  of  Scaling  (cont.) 

■  Surface  temperature  of  wall  (platelet) 
X  ■  Distance  from  point  of  coolant  Inlet 


Solving  for  the  temperature  on  the  surface  (X*L)  and  substituting  for  the  terms 
r^,  A  and  B,  this  equation  becomes: 


T 

8 


c,o 


1  + 


K  h, 
m  L 

h  GC  t 
8  P 


(8) 


(U)  Another  form  of  this  equation  that  is  useful  in  scaling  is : 


T  -  T 
g  w 


H 

1 

H 

II 

r 

- - Xf . V 

8  c,o  h 

1  + 

GC 

/.  Ij  u  t 

A  .  P 

V4  ^  h-K 

P 

. 

’  L  m  ' 

(9) 


If  the  recovery  temperature  at  the  wall  is  used  for  no  credit  is  taken  for 
fiiii.  cooling  and  the  results  become  very  conservative  in  high  heat  flux  environ¬ 
ments.  The  effect  of  chamber  pressure,  thrust,  etc.  are  handled  through  the 
gas-side  heat  transfer  coefficient. 

(U)  The  analytical  model  described  in  Appendix  I  uses  equation  13 
of  Appendix  I  to  calculate  the  temperature  distribution  in  the  platelet.  The 
temperature  of  the  coolant  as  it  exits  from  the  platelet  is  then  used  in  the 
film  cooling  calculation  to  determine  the  gas  driving  temperature.  The  model 
iterates  this  calculational  procedure  until  the  average  bcur.dary  layer  tempera¬ 
ture  across  the  end  of  the  platelet  equals  the  gas  temperature  used  in 
equation  13. 


Page  202 


UNCLASSIFIED 


UNCUSSIHED 


AFRPL-TR-67-198 

VII,  C,  Method  of  Scaling  (cont.) 

(U)  In  the  actual  design  of  a  chamber  the  wall  temperature  Is 
specified  and  the  computerized  model  solves  for  the  coolant  flow  rate  at 
specified  axial  stations.  Thus  the  axial  distribution  of  the  coolant  Is  deter¬ 
mined.  The  temperature  distribution  In  the  platelet  Is  also  obtained  and  Is 
used  to  select  a  wall  thickness  that  Insures  that  heat  does  not  penetrate  to 
the  metering  grooves.  The  coolant  flow  distribution  and  wall  temperature 
profile  are  then  used  In  the  performance  model  to  predict  the  performance  loss 
due  to  cooling. 

(U)  This  technique  was  applied  to  a  TRANSPIRE  chamber  designed  for 
operation  at  5000  lb  thrust,  1000  psla  chamber  pressure  with  ClF^/MHF-3  as  the 
propellants  and  CIF^  as  the  coolant.  A  chamber  L*  of  34  was  used  which  Is  the 
value  of  the  L*  of  the  Phase  I  chambers.  With  no  heat  streaking  the  coolant 
flow  required  to  maintain  a  1200®F  wall  temperature  Is  12.5%  of  the  total 
propellant  flow  rate.  The  predicted  coolant  flow  for  the  1000  lb  thrust, 

1000  psla  Phase  I  chamber  Is  19.5%  and  for  the  100  lb  thrust,  100  psla  chamber 
Is  22%.  These  calculations  are  conservative.  A  multiplier  of  2.0  was  used  for 
the  gas  side  heat  transfer  coefficient  In  the  cylindrical  section  of  the  chamber 
and  was  decreased  linearly  with  contraction  ratio  to  a  value  of  1.0  In  the 
throat.  No  allowance  was  made  for  film  cooling  carryover  from  upstream  platelets. 
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APPENDIX  I 
HEAT  TRANSFER  MODEL 


I.  INTRODUCTION 

(U)  The  cooling  action  of  a  TRANSPIRE  cooled  surface  can  be  considered 
to  be  composed  of  two  separate  mechanisms.  The  first  of  these  Is  what  can  be 
called  Internal  cooling,  or  the  transfer  of  heat  between  the  platelets  and 
coolant  Inside  the  wall  Itself.  The  second  mechanism  Is  film  cooling,  which 
Is  the  suppression  of  heat  flux  to  the  wall  as  a  result  of  the  coolants  being 
Injected  Into  the  boundary  layer  after  they  leave  the  wall.  These  two 
mechanisms  are  coupled  since  the  film  cooling  effect  which  Is  obtained  depends 
upon  the  temperature  of  the  coolant  as  It  leaves  the  wall.  Similarly,  the 
heat  flux  Into  the  wall  and  the  temperature  of  the  coolant  as  It  leaves  the 
surface  depend  upon  the  film  cooling  effectiveness. 

(U)  The  approach  which  will  be  taken  here  Is  to  derive  separately  the 
equations  governing  each  of  the  two  mechanisms.  Once  these  equations  are 
obtained  the  computational  procedure  which  couples  them  will  be  outlined. 


II. 


INTERNAL  COOLING 


(U)  The  thermal  model  for  the  internal  cooling  is  shown  in  Figure  1. 

The  wall  is  considered  to  be  composed  of  platelets  which  are  "2t"  thick  and 
having  coolant  channels  between  which  are  "D"  deep.  The  coolant  enters  the 
channels  at  X-0  at  a  temperature  T^  ^  and  at  a  rate  G  per  unit  cooled  wall  sur¬ 
face  area.  At  the  end  of  the  platelets,  at  X=L,  the  platelets  are  exposed  to  a 

hot  gas  at  temperature  T  with  a  surface  film  coefficient  h  . 

8  8 
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(U)  It  ^’■'11  be  assumed  that  the  heat  conduction  in  the  platelets 
is  one-dimensional*  and  that  the  platelet  material  and  coolant  properties  are 
not  temperature  dependent. 


(U)  The  differential  equation  governing  condu^itiou  in  the  platelet  isi 


®  dX^  ^  ^ 


(1) 


where  =  platelet  conductivity 

hj^  =  film  coefficient  between  the  platelet  and  coolant 
T  =  platelet  temperature  at  X 
=  coolant  temperature  at  X 
t  <=  platelet  half  thickness 
X  =  distance  from  coolant  inlet 


(U)  If  X-direction  conduction  in  the  coolant  is  assumed  to  be  negli¬ 
gible  the  differential  equation  describing  the  coolant  temperature  is; 


G  C 


P.c 


h,  (T  -  T  ) 

L  C 


(2) 


where  C  =  coolant  specific  heat 

P  •  ^ 

G  =  coolant  weight  flow  rate  per  unit  of  cooled  wall  surface 
area 


Combining  equations  (1)  and  (2) 


B  ^  »  0 
dX 


(3) 


*Early  in  the  program  a  two-dimensional  numerical  analysis  of  the  platelet 
conduction  showed  that  the  one-dimensional  app  oach  is  valid  for  thin  platelets. 
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where  A  «  h,  /G  C  t 

L  p,c 

b  -  h,/K  t 
L  m 


Using  differential  operator  notation  equation  (3)  can  be  written  as: 


(D^  +  AD^  -  BD)  T  =  0 


(3a) 


The  solution  of  equation  (3a)  is: 


r^X  r„X 

T  -  e  +  C2  e 


(4) 


>^1  =  -  A/2  +  .  +  B 


(5) 


-  A/2  - 


f  +  B 


(6) 


(U)  Three  boundary  conditiocs  are  required  for  the  evaluation  of  the 
constants  C2,  and  C^.  At  the  platelet  edge  (X=L)  the  conduction  into  the 
platelet  must  equal  the  convective  heat  input  from  the  hot  gas  stream. 


at  X-L,  h^  (T  -  T)  «  K  ^ 
g  g  m  dX 


(7) 


where  h  ■  surface  (gas)  film  coefficient 

£ 

T  »  hot  gas  temperature 

s 

(U)  It  v/ill  be  assumed  that  the  coolant  inlet  (or  entrance  to  the 
thermal  influence  zone)  is  an  adiabatic  surface.  This  gives; 


at  X  -  0,  >  ■  0 

oX 


(8) 
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k  t  ^  »  h-  (T  -  T  ) 
m  ^^2  L  c,o 


where  o  ~  inlet  temperature 


(U)  Evaluating  C^,  C^,  and  through  the  use  of  equations  (7),  (8), 
and  (9) ,  and  rearranging  produces 


r^X  t  r^X 
T  -  T  ®  "  tj  ® 

_ C,0  _  _ 2 _ ; _ 

T  r  T  “  r  L  r  ,r  (r,L)  K  /  r.L  r„Li  i 

g  c,o  1  :  '  Ij  2  ,  .  m  I  1  ,i  ; 

r^  h  !  1 

L  2  g  ' 


where  L  =  distance  from  coolant  inlet  to  wall  surface  (platelet  edge) 


(U)  It  can  be  shown  that  for  the  range  of  values  of  interest 


v^X  ,  r^^  r^X  I 

e  >>  —  e 

^^2 


tfL  .  r^  r2L 

e  >>  —  e 

^2 


Employing  equations  (11)  and  (12)  for  simplifying  equation  (10)  yields 


^  ^  r, (X-L) 

T  -  T  1 

_ c,o  e _ 

T  -  T  ”  K  r, 
g  c,o  ,  m  1 
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(U)  Equation  (13)  relates  the  temperatures  existing  at  all  points  in 
the  platelets  to  the  properties  of  the  coolant,  the  coolant  flov/  rate,  the 
platelet  material  properties  and  thickness,  and  the  conditions  at  the  hot  gas 
boundary.  This  ation  is  the  key  equation  used  in  the  design  and  evaluation 
of  the  TRANSPIRE  type  platelets. 


(U)  The  film  coefficient  "h^"  which  exists  between  the  coolant  and  the 
platelets  can  be  evaluated  using  the  expression  for  fully  developed  laminar 
flow  between  parallel  plates. 


where  D  =  depth  of  coolant  channel 

=  coolant  thermal  conductivity 


This  value,  when  used  in  design,  is  on  the  conservative  side  since  it  is  the 
minimum  value  which  hj^  can  possibly  have.  Such  things  as  entrance  effects  and 
phase  changes  can  only  act  to  increase  h  . 


Ill .  FILM  COOLING 

(U)  The  analysis  of  the  film  cooling  effect  achieved  by  the  Loolant 
after  it  leaves  the  wall  will  be  somewhat  different  from  the  type  of  analysis 
used  with  the  more  conventional  transpiration  cooling  systems.  Normally  in 
the  analysis  of  transpiration  cooling  systems  the  assumption  is  made  that  the 
coolant  is  injected  uniformly  over  the  entire  surface.  This  assumption  wil^ 
not  be  made  in  the  present  analysis.  Rather,  the  analysis  will  treat  the  prob¬ 
lem  as  one  of  highly  refined  multiple  slot  film  cooling.  There  is  a  twofold 
reason  for  doing  this.  First,  and  most  important,  highly  refined  multiple  slot 
film  cooling  is  a  more  accurate  description  of  the  actual  physical  system 
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vjhich  the  model  is  representing.  The  second  reason  for  taking  a  multiple  slot 
approach  is  that  with  the  results  of  this  approach  it  will  be  possible  to 
account  for  the  effect  of  platelet  thickness  on  the  film  cooling  effectiveness. 
Obviously,  this  cannot  be  done  if  the  model  assumes  uniformly  distributed 
coolant  injection. 

.  (U)  The  basic  approach  taken  is  similar  to  that  of  Stollery  and 

(2) 

El-Ehwany  except  for  some  modifications  to  make  the  range  of  flows  over 

which  it  is  applicable  somewhat  broader.  It  is  assumed  that  at  each  injection 

point  the  boundary  layer  begins  to  develop  anew,  and  that  the  mass  of  gas  in 

the  boundary  layer  is  composed  of  injected  coolant  plus  enough  entrained  free- 

stream  gas  to  give  the  total  boundary  layer  gas  flow.  There  is  experimental 

justification  for  this  approach.  In  work  performed  on  film  cooling  with 

(3) 

injection  through  a  porous  section  it  was  noted  that  the  injected  coolant 
appears  to  simply  lift  the  existing  boundary  layer  off  the  wall.  Downstream 
of  the  point  of  injection  the  coolant  and  hot  gas  begin  to  mix,  with  the 
growth  of  the  velocity  profile  in  the  coolant  layer  on  the  hot  gas  -  coolant 
boundary  not  being  too  much  unlike  that  of  a  turbulent  boundary  layer  on  a 
flat  plate. 

(U)  The  derivation  will  begin  by  assuming  that  the  total  mass  flow  rate 
in  the  boundary  layer  is  composed  of  injected  coolant  plus  enough  entrained 
freestream  gas  to  give  the  total  boundary  layer  flow  rate. 

*BL  =  *c  *BL  -  \ 

=  boundary  layer  flow  rate 

m  =*  coolant  flow  rate 
c 

m^  »  flow  rate  of  entrained  freestream  gases 
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The  temperature  of  the  boundary  layer  "T  "  can  be  given  by 


Sl  - 

<*BL  - 


c 

_Li_ 

C 

P,“ 


T  +  m  T  C 
_ c  c  p ,  c 

+  m  C 
c  p,c 


C 

P." 


T 

oe 

T 


P.c 

"p,BL 

^BL 


freestream  specific  heat 

freestream  total  temperature 

temperature  of  coolant  as  it  leaves  the  wall 

coolant  specific  heat 

boundary  layer  specific  heat 

boundary  layer  film  coefficient 


The  only  unknown  in  eq.  (16)  is  rig^.  In  general, 
6 

*BL  “  0^ 


6  =  boundary  layer  thickness 
u  =  local  velocity 
p  =  local  density 
y  =  normal  distance  from  surface 


(16) 


(17) 


(U)  If  it  is  assumed  that  similar  velocity  profiles  exist  in  the 
boundary  layer  as  it  develops  from  the  point  of  injection  and  that  this 
profile  is  only  a  function  of  the  freestream  conditions  then 


'V 


,  1/n 


(18) 


n  =  a  function  of  the  freestream  Reynolds  number 
u^  *  freestream  velocity 
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(U)  Further  assuming  that  a  unliorm  density  exists  across  the  boundary 
layer  and  that  this  Is  equal  to  the  frees tream  density  "  "  (a  reasonably  good 
assuiiq>tlon  In  both  the  chamber  and  throat) . 


P 


(19) 


6 

; 

o 


<!> 


dy 


n 

iri-1 


u  6 


00 


(20) 


(U)  It  can  be  shown  that  for  a  developing  boundary  layer  the  boundary 
layer  thickness  can  be  expressed 


n+1 

n+3 


(n+2) (n+3) 


n+1 

n+3 

2n  2 

Poo  P=o'  ^+^-1 


(21) 


Z  =  distance  over  which  the  boundary  layer  has  been  developing 

C  “a  function  of  n,  values  of  which  are  given  on  Page  507  of 
Ref.  (4). 

Vi^  *  free  stream  viscosity 


Combining  equation  (20)  and  (21) 


*BL 


r 


^  1 


n 

n  n 
(n+2) (n+3) 


n+1 

n+3 


2n 

n+11 


2  n+1  n+1 

n+3  n+3  n+3 

(p  u  )  Z 

''^00  oo' 


(22) 


Let:  R^  -  a 


(23) 
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(U)  Based  on  tlie  data  presented  by  Stollery  and  El-Ehwany  the  value  of 
"  "  should  be  somewhere  between  .80  and  .85,  for  the  conditions  encountered  with 
the  TRANSPIRE  designs.  This  constant  comperisates  to  a  certain  extent  for  some 
of  the  assumptions  made  earlier,  particularly  as  regards  the  temperature  dis¬ 
tribution  across  the  boundary  layer. 

(U)  The  effective  local  boundary  layer  temperature  can  now  be  obtained 
by  combining  equations  (16),  (22),  and  (23). 


T_  =  T  for  0  <  ~  <  1.0 
BL  c  in 

c 


(R,  -  1)  c 


T  .  .  Z  .__-  p,c 
BL  (R^  -  1)  C 


+  T 


^  1.0 


P>C 


(24) 


(25) 


where  ^  »  freestream  stagnation  temperature 


R 


Z 


0.82 


c 


n 

n+1 


2n 


n+1 

n+3 


n+1  - 


(nf2)  (n+3) 


2  n+1  n+1 

n+3  n+3  n+3 

(u„)  (p^  u  )  Z 

00  00  00 


(26) 
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(U)  In  order  to  combine  the  film  cooling  equations  with  the  internal 
cooling  equations,  to  calculate  the  cooling  operation  of  the  TRANSPIRE  wall, 
it  is  necessary  that  several  additional  operations  be  performed.  The  gas 
temperature  "Tg"  in  equation  (13)  ,  and  the  boundarj'  layer  temperature 
in  equations  (24)  and  (25)  are  in  essence  the  same  quantity.  These  two  tem¬ 
peratures  are  not  strictly  equivalent,  however,  since  T  refers  to  an  average 
driving  temperature  existing  over  the  end  of  the  platelet  while  T^^  is  a  local 
temperature  which  varies  in  the  direction  of  stream  flow.  The  relationship 
between  these  two  temperatures  is  given  by 

I>f2t 

T  =  D  '^BL  dZ  (27) 

g  2t 

It  should  also  be  noted  that  the  flow  rates  G  of  eq.  (13)  and  m^ 
of  eq.  (24)  and  (26)  are  not  the  same.  The  relationship  between  them  is 

ia  =  G  (2t+D)  (28) 

c  ltd 


where 


d  =  local  ,chamber  diameter 


(U)  The  general  calculational  procedure  in  the  use  of  these  equations 

is  to  first  select  a  platelet  thickness,  material,  coolant  flow  channel  depth, 

and  lesign  surface  temperature.  A  coolant  flow  rate  G  and  coolant  temperature 

as  it  leaves  the  wall  (T  ^)  are  assumed.  With  these  values  and  the  use  of 

c  ,L 

equations  (24),  (25),  (27),  and  (28),  a  value  of  T  is  found.  With  this  T 

g  g 

(the  platelet  surface  temperature  T^^  and  the  use  of  equation  (13)  and  equation 

(29))  the  originally  assumed  coolant  temperature  T  can  be  checked  by 

c  ,L 


(T  -  T  J  G  C  =  h  (T  -  TJ 
c,L  c,L  p,c  g  g  L 


(29) 


where  L  coolant  temperature  as  it  leaves  wall 

T  «  platelet  surface  temperature 

ij 
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If  the  assumed  and  calculated  values  of  T  are  considerably  different  a  new 

C  ,L 

value  of  T  -  should  be  assumed  and  the  calculation  procedure  repeated.  If  the 

C 

assumed  and  calculated  values  are  very  nearly  equal  the  platelet  surface  tem¬ 
perature  T  is  checked  to  see  how  it  compares  with  the  desired  design  value. 

Li 

If  it  is  either  too  high  or  too  low  the  coolant  flow  rate  is  increased  or 
decreased  and  the  procedure  repeated.  If  the  calculated  surface  temperature 
is  about  equal  to  the  desired  value  the  design  is  finished  at  this  point. 

(U)  There  is  a  comment  which  should  be  made  relative  to  the  evaluation 
of  equations  (25)  and  (27).  As  they  now  stand  they  tacitly  assume  that  once 
the  coolant  in  the  boundary  layer  has  traveled  the  thickness  of  one  platelet, 
it  is  lost  to  the  cooling  system  and  no  more  cooling  benefit  is  derived  from 
it.  This  lack  of  film  cooling  carryover  from  one  platelet  to  the  next  can  be 
compensated  for  by  assuming  that  the  freestrcam  gas  feeding  the  boundary  layer 
is  composed  of  the  boundary  layer  coming  off  the  preceding  platelets. 

(U)  The  entire  design  procedure  given  above  has  been  programmed  on  a 
digital  computer.  Film  cooling  carryover  from  the  two  platelets  upstream  of 
the  one  being  analyzed  has  also  been  included. 


PLATELET  HYDRAULIC  EQUATIONS 


(U)  The  coolant  flow  in  the  platelet  flow  control  channels  is  laminar. 
The  pressure  drop  -  flow  relationship  employed  for  these  channels  is  the  equa¬ 
tion  for  fully  developed  laminar  flow  in  rectangular  passages. 


4  -  0.836  - 
3  a 


Q  =  volumetric  flow  rate 

a  »  channel  width 

D  =  channel  depth 

p  =  coolant  viscosity 
,p 

^  “  pressure  gradient  in  the  channel 
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(U)  The  validity  of  this  equation  for  these  small  passages  has  been 
proven  in  numerous  flow  tests  of  both  the  test  units  used  in  this  program  and 
other  programs. 

(U)  Entrance  and  exit  losses  although  generally  very  small  are  also 
taken  into  consideration. 
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PERFORMANCE  MODEL 


I.  INTRODUCTION 


(U)  To  design  a  transpiration  cooled  chamber  to  meet  specific  perfor¬ 
mance  requirements,  a  means  of  predicting  I  must  be  available.  The  following 
presents  a  first  step  toward  the  development  of  a  perforxaance  prediction  method 
for  transpiration  cooled  thrust  chambers.  In  the  development  of  the  model,  a 
prime  objective  was  simplicity  to  facilitate  its  use  as  an  easily  applied  tool. 
Therefore,  some  limiting  assumptions  were  proposed  which  will  require  revision  in 
future  model  developments. 

II.  MODEL  DESCRIPTION 


A.  NOMENCLATURE 


H 

I 

sp 

^sp,C 

I 

sp,c 

M 

(0/F)^ 

(0/F)^ 

P 


Area 

2 

Coolant  exit  area,  in. 

2 

Exit  area,  in. 

Throat  area,  in.^ 

Specific  heat  of  core,  Btu/lb  “F 
Specific  heat  of  coolant,  Btu/lb  "F 

w  T  R 

Isentropic  flow  function  —  — 

if  A 

Enthalpy,  Btu/lb  ^ 

Vacuum  specific  impulse,  sec 

1  of  core,  sec 
sp 

1  of  coolant  sec 
sp 

Mach  number 

Injector  oxidizer  to  fuel  mixture  ratio 
Total  oxidizer  to  fuel  mixture  ratio 
Nozzle  exit  pressure,  psia 
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»  Chamber  pressure,  psia 

“  Coolant  stagnation  pressure,  psia 

R  =  Gas  constant,  ft/^R 

=  Core  flame  temperature  reduced  from  theoretical  by  energy 
release  loss,  °R 

T^2  “  Core  flame  temperature  reduced  by  energy  release  loss  and 

energy  transfer  to  the  coolant,  °R 

=  Coolant  entrance  temperature,  “R 

T^2  “  Coolant  final  stagnation  temperature,  °R 

w  =  Core  flowrate,  lb /sec 

u 

w  =  Oxidizer  coolant  flowrate,  lb /sec 
c 

w  =  Total  flowrate  w  +  w  ,  Ib/sec 
C  c 

B.  ASSUMPTIONS 

(U)  1.  There  is  no  combustion  between  the  coolant  and  the  com¬ 

busting  core.  This  assumption  was  chosen  (1)  because  of  inherent  analysis 
simplicity  (2)  treating  each  stream  tube  component  separately  without  chemical 
interaction  has  met  with  success  for  other  applications  and  (3)  for  the  N20^ 
data,  which  accounted  for  the  majority  of  the  Phase  I  data,  the  assumption  of 
no  combustion  was  considered  valid  because  of  the  lack  of  chemical  reaction 
potential  between  the  injector  core  and  coolant  (core  0/F  of  2.0  vs 
stoichiometric  0/F  of  2.2). 

(U)  2.  Coolant  stagnation  pressure  is  the  same  as  the  chamber  or 

nozzle  static  pressure  at  the  point  of  coolant  entrance. 

(U)  3.  Coolant  final  stagnation  temperature  is  the  same  regard¬ 

less  of  entrance  point. 

(U)  4.  The  energy  required  to  heat  the  coolant  to  its  stagnation 

temperature  is  obtained  from  the  core,  and  the  core  chamber  enthalpy  is  reduced 
by  the  amount. 
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(U)  5.  The  friction  loss  factor  is  applied  to  the  theoretical 

I  at  the  overall  0/F. 
sp 

(U)  6.  The  geometry  loss  factor  is  applied  to  the  maximum 

potential  I  of  the  stream  tube  summation, 
sp 

(U)  7.  The  recombination  loss  factor  is  applied  to  the  core 

only  at  its  mixture  ratio. 

C.  .IMPLICATION  OF  MODEL 

(U)  The  model  assumes  that  no  combustion  occurs  between  core  and 
coolant,  and  that  the  enthalpy  gain  of  the  coolant  is  equal  to  the  chamber 
enthalpy  loss  of  the  core; 

T  T 

...  c2  /C2 

w  C  d  T  =  w  C  dT 

P>c  c  C„  P,CC 

cl  Cl 

(U)  The  above  energy  balance  requires  a  method  of  calculating  the 
final  coolant  temperature  ’  which  presented  the  most  difficulty  in  the 

model  application.  For  the  present  study,  the  assumption  was  imposed  that  all 
of  the  coolant  existed  in  thermal  equilibrium  with  the  core  during  the  nozzle 
expansion  process,  (i.e.,  T^2  “  ^c2^ ’  -herefore,  the  above  energy  balance  may 
be  solved  for  final  temperature,  which  is  the  reduced  temperature  of  the  core 
and  the  stagnation  temperature  of  the  coolant.  The  core  I  may  be  evaluated 
at  this  reduced  temperature  from  the  AGC  chemical  composition  program  166  data. 
The  coolant  is  expanded  Isentroplcally  from  its  stagnation  conditions  at  each 
section  to  the  exit  pressure,  and  the  corresponding  AH  noted.  It  may  shown 
that  the  vacuum  1^^  ^  for  this  process  is  expressed  by; 
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/OT  AU  A  PA 

I  E  “y  '  liAH  ^  _£  e  e 

sp.cc  '  V  g  \ 

The  ratio  may  be  solved  by  assuming  a  uniform  exit  pressure,  and  iterat¬ 

ing  for  the  core  and  coolant  area  summation  that  equals  the  exit  area.  AGC 
chemical  composition  data  (Program  166)  is  used  for  the  core  and  the  isentropic 
flow  function  (f^)  is  used  for  the  coolant  in  the  iteration  processes.  The 
total  I^p  of  the  engine  may  then  be  calculated  by  summing  the  component  I^  's 
as  follows: 


D.  EXAMPLE  CALCULATION  WITH  MODEL 

(C)  Given:  Parameters  from  N20^  cooled 
Test  No.  171 

Injector  0/F  =2.1  T  ^  =  (n  )x(Adiab.  flame  temp) 

SIT 

P  =  100  psia  =  97%  x  5633  =  5470°?. 

c 

w  /w^  =  .257 

c  t 

w^/Wj.  =  .  743 

w  Sect  I  =  .0546  Ib/sec 

c 

w  Sect  II  =  .0276  Ib/sec 
c 

w^  Sect  III  =  .0380  Ib/sec 

w  Sect  IV  =  .044  Ib/sec 

c 
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=  .638  Ib/sec 


Want:  Predicted  I 
-  sp 

Solution: 

(C)  Solve  heat  balance  for  reduced  temperature  ~  ”  ^c2 

coolant-core  thermal  equilibrium 


^  <"t2  -  '•537)0  ■  ^ 


c  _  dT  =  — 
p,C 


T 

J-2 


^p,C  ^^5470  '  ^T2^C 


537 


5470 


Assume  T2  =  5000R 

.257(1340)  =  345  =  .743  -  H^2>  “  .743(464) 

Core  T2  =  5035R  for  the  464  Btu/lb  H  of  core 

5000  =  5035,  say  T  =  T  =  5020R 
c  u 

Energy  balance  is  satisfied  with  core-coolant  thermal  equilibrium 

X  I  „  -  225,0  sec  (theoretical  @  5020R) 
sp  ,C 


Recombination  loss  =  .2%  x  225  =  .45  sec 


X  I  ^  =  (.743) (225.0  -  .45)  =  167  sec 
sp  ,C 

Coolant  I  : 

_ ?£ 

(C)  Section  I  &  II:  =  100  psia,  =  5020R,  P^  »  23  psia 

(Hp  ,  p  -  Hp  )  “  390  Btu/lb  (isentropic  expansion  from  to  P^) 

cl  c  e  c 
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LIST  OF  TABLES 


Section 


Title 


KgOi^  -  100  psia  Chamber  Pressure 
Test  Conditions  (U) 

Pressure  Drops  (U) 

Steady  State  Temperatures  (U) 

Injector  Flow  Rates  and  Mixture  Ratios  (U) 
NgOj^  -  1000  psia  Chamber  Pressure 
Test  Conditions  (U) 

Pressure  Drops  (U) 

Steady  State  Temperatures  (U) 

Injector  Flow  Rates  and  Mixture  Ratios  (U) 
ClFg  -  100  psia  Chamber  Pressiire 
Test  Conditions  (U) 

Pressure  Drops  (U) 

Steady  State  Temperatures  (U) 

Injector  Flow  Rates  and  Mixture  Ratios  (U) 
CIF^  -  1000  psia  Chamber  Pressure  (Phase  l) 

Test  Conditions  (U) 

Pressure  Drops  (U) 

Steady  State  Temperatures  (U) 

Injector  Flow  Rates  and  Mixture  Ratios  (U) 
ClFg  -  1000  psia  Chamber  Pressure  (Phase  II) 

Test  Conditions  (U) 

Pressure  Drops  (U) 

Steady  State  Temperatures  (U) 

Injector  Flow  Rates  and  Mixture  Ratios  (U) 


Table 

1 

2 

3 

k 

5 

6 

7 

8 

9 

10 

11 

12 

13 

11+ 

15 

16 

17 

18 

19 

20 
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SECTION  I 

DATA  FROM  N^O^  TESTS  AT 
100  PSIA  CHAMBER  PRESSURE 
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(C)  TABLE  1 


TEST  CONDITIONS  (U) 


Test 

No. 

Thrust 

(lb) 

Chamber 

Pressure 

(psia) 

Flow  Rate* 
Coolant 
(ib/sec) 

1K-3C- 

lOlt 

134 

133 

0.816 

106 

116 

124 

0.701 

109 

121 

128 

0.552 

no 

111 

111 

0.487 

111 

106 

113 

0.438 

113 

123 

121 

0.388 

121 

126 

12L 

0.341 

122 

126 

121 

0.342 

123 

126 

121 

0.339 

129 

117 

118 

0.325 

143 

no 

111 

0.235 

l44 

111 

111 

0.235 

145 

112 

111 

0.233 

146 

«« 

78 

0.232 

148 

no 

111 

0.213 

151 

112 

111 

0.211 

152 

112 

no 

0.211 

154 

119 

113 

0.211 

159 

114 

111 

0.l8x 

162 

111 

111 

0.173 

165 

114 

no 

0.173 

166 

109 

no 

0.173 

168 

107 

no 

0.167 

171 

112 

no 

0.164 

172 

108 

no 

0.165 

174 

109 

112 

0.160 

177 

108 

no 

0.157 

181 

107 

111 

0.158 

185 

108 

no 

0.178 

189 

no 

108 

0.153 

190 

104 

105 

0,154 

192 

101 

108 

0.152 

193 

103 

109 

0.152 

Injector 

Injector 

Total 

Oxidizer 

Fuel 

Propellant 

Overall 

Flow  Rate 

Flow  Rate 

Flow  Rate 

Mixture 

(ib/sec) 

(ib/sec) 

(ib/sec) 

Ratio 

0.327 

0.164 

1.31 

6.97 

0.326 

0.164 

1.19 

6.26 

0,326 

0.164 

1.04 

5.35 

0.325 

0.164 

0.976 

4.95 

0.322 

0.165 

0.925 

4.61 

0,326 

0.164 

0.877 

4.38 

0.327 

0.163 

0.831 

4.10 

0.325 

0.165 

0.832 

4.04 

0.325 

0.164 

0.828 

4.05 

0.323 

0.153 

0.801 

4.23 

0.326 

0.149 

0.710 

3.76 

0.327 

0.150 

0.711 

3.74 

0.326 

0.149 

0.709 

3.76 

0.324 

0.155 

0.711 

3.59 

0.324 

0.150 

0.687 

3.58 

0.325 

0.152 

0.688 

3.53 

0.324 

0.151 

0.686 

3.54 

0.324 

0.148 

0.683 

3.61 

0.324 

0.152 

0.657 

3.32 

0.324 

0.151 

0.648 

3.29 

0.324 

0.149 

0.646 

3-34 

0.326 

0.151 

0.650 

3.30 

0.324 

0.153 

0.643 

3.23 

0.324 

0.150 

0.638 

3.25 

0.325 

0.150 

0.640 

3,27 

0,  324 

0.155 

0,639 

3.12 

0.325 

0.150 

0.633 

3.22 

0.326 

0.152 

0.636 

3.18 

0.325 

0.152 

0.655 

3.31 

0.325 

0.149 

0.627 

3.21 

0.325 

0.152 

0.631 

3.15 

0.325 

0.148 

0.625 

3.22 

0  324 

0.149 

0.625 

3.19 

*Venturi  flov  rates 
***No  steady  state 
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(C)  TABLE  2 


PRESSURE  DROPS  (U) 


Chamber 


Test 

Pressure 

Chamber  Plenum  Pressure 

(psia) 

Platelet  Pressure  Drop  (psid) 

No. 

(psia) 

Sect. I  Sect. II  Sect. Ill 

Sect. IV 

Sect. I  Sect. II  Sect. Ill  Sect. IV 

1K-3C- 


104 

133 

253 

2it9 

327 

529 

125 

116 

226 

it86 

106 

I2U 

215 

2lt2 

315 

531 

91 

118 

220 

it90 

109 

128 

193 

215 

325 

5it5 

6it 

87 

227 

50it 

no 

111 

177 

172 

302 

552 

66 

60 

216 

515 

111 

113 

15‘* 

173 

301 

556 

itl 

59 

2lit 

519 

113 

121 

168 

163 

317 

561 

it7 

it3 

225 

521 

121 

121 

161 

l6lt 

3lit 

561 

itO 

it3 

221 

522 

122 

122 

159 

161 

316 

562 

38 

39 

223 

523 

123 

121 

159 

162 

3lit 

560 

37 

itl 

221 

520 

129 

118 

lit  9 

156 

318 

559 

30 

33 

228 

520 

llt3 

111 

136 

13it 

2it5 

571 

25 

23 

160 

535 

lUlt 

111 

136 

13it 

2it7 

567 

2it 

23 

162 

531 

IU5 

111 

13^ 

13lt 

250 

56it 

25 

23 

165 

528 

IU6 

78 

71 

70 

2it5 

572 

- 

165 

5it6 

lit8 

111 

130 

130 

256 

569 

19 

19 

171 

532 

151 

111 

128 

127 

259 

558 

17 

17 

17i* 

521 

152 

no 

127 

127 

260 

557 

17 

17 

175 

521 

15‘+ 

113 

129 

130 

26i* 

558 

17 

17 

178 

■  521 

159 

111 

129 

12lt 

212 

5C5 

17 

12 

127 

529 

162 

111 

129 

123 

198 

562 

18 

12 

113 

526 

165 

no 

129 

123 

198 

562 

18 

12 

nit 

526 

166 

no 

129 

122 

199 

565 

19 

12 

115 

529 

168 

no 

128 

120 

201 

558 

18 

10 

117 

522 

171 

no 

128 

119 

200 

558 

18 

9 

116 

522 

172 

no 

128 

119 

201 

561 

18 

9 

117 

525 

17^* 

112 

130 

119 

202 

558 

18 

7 

117 

522 

177 

no 

128 

117 

19it 

561 

18 

7 

no 

525 

181 

111 

130 

119 

197 

563 

20 

8 

113 

527 

185 

118 

133 

119 

192 

399 

23 

9 

107 

363 

189 

108 

129 

115 

192 

255 

21 

7 

no 

219 

190 

105 

127 

113 

192 

255 

22 

8 

111 

221 

192 

108 

130 

nit 

198 

257 

21 

6 

115 

222 

193 

109 

130 

115 

197 

2it9 

21 

6 

nit 

2lit 
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(C)  TABLE  3 


STEADY  STATE  TEMPERATURES  (U) 


Test 

No. 

c,I 

Sect.  I 
Coolant 
Flow  Rate 
(lb /sec) 

w  /w 
c,l'  N 

Sect.  I 

Duration 

(sec) 

1K-3C- 

IOI+ 

0.371 

10.51 

10.6 

106 

0.258 

7.32 

1.9 

109 

C.167 

5.I0 

1.9 

no 

0.187 

5.I0 

1.1 

111 

0.138 

3.91 

1.1 

113 

0.139 

3.91 

10.7 

121 

0.112 

3..L8 

30.4 

122 

0.112 

3.18 

30.6 

123 

0.111 

3.15 

60.3 

129 

0.096 

2.72 

2.0 

1I+3 

0.070 

1.98 

10.7 

ill; 

0,070 

1.98 

30.9 

1I5 

0.070 

1.98 

60.2 

II6 

0.062 

1.76 

1.1 

118 

0.055 

1.56 

10.6 

151 

O.O5I 

1.53 

10.7 

152 

0.051 

1.53 

30.7 

151 

0,055 

i.56 

60.4 

159 

0.055 

1.56 

31.8 

162 

0.055 

1.56 

30.7 

165 

0.055 

1.56 

30.6 

166 

0.055 

1.56 

30.9 

168 

0.055 

1.56 

10.5 

171 

0.055 

i.56 

30.7 

172 

0.055 

1.56 

31.0 

171 

0.055 

1.56 

10.1 

177 

0.055 

1.56 

30.9 

181 

0.055 

1.56 

31.0 

185 

0.062 

1.76 

10.8 

189 

0.062 

1.76 

30.8 

190 

0.062 

1.76 

30.5 

192 

0.062 

1.76 

100.6 

193 

0.062 

1.76 

101.3 

Temperatures  (°F)  Section  I 


TC  9-1 

TC  9-2 

TC  9-3 

TC  9-' 

^  TC  8-1 

TC  8-; 

109 

100 

121 

89 

no 

121 

123 

9i*3 

111 

125 

120 

96 

101 

129 

111 

116 

111 

160 

119 

105 

115 

130 

13I; 

110 

ilo 

138 

1I8 

1I2 

163 

ilo 

113 

137 

120 

126 

236 

130 

130 

1I2 

1I7 

812 

113 

658 

1I2 

xlO 

1I5 

1I6 

862 

193 

218 

291 

291 

178 

15i< 

182 

•  1008 

760 

I92 

975 

190 

398 

I3I2 

626 

533 

1010 

770 

ll9^ 

525 

882 

767 

1221 

157 

872 

773 

1100 

868 

1255 

881 

1323 

210 

700 

156 

702 

336 

821 

162 

1136 

186 

1212 

363 

737 

320 

875 

397 

89I 

587 

1350 

175 

1320 

227 

II9 

8I3 

377 

831 

16I 

1095 

280 

927 

153 

1511 
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M  01 
H  ^ 

M  B  0)  U 

H  •  aj  PS  0) 

••PH  M 

O  O  O  >  '•v 

•>  «  O  O 

W  O  H  H 

ft,  •«_/ 


on  00 .4^  o\  on  on  VO 
H  cvj  on  cvi  on  ^  ^ 
H  H  H  H  H  H  H 


.4^  .4^  H  CVI  0-  CVI  t- 
4^  4  OVVO  VO  0\  CVI 
H  H  H  H  H  CxJ  0* 


H  00  VO  O  W 

00  on  f-  on  VO  o 
LTV  LTV  00  00  00  00  O 
H 


Hvoov4onwc\joont-o\voon 
400  cvj  o-o-Lrvvo4oo4  t-o-on 
VOVOOOOOOOOOCTvOOOOOCTvOV 


on 

iH 

OJ 

Cvl  CVI  t-  CTl 

rH  rH 

t*—  rH 

00  lA 

LA  cn 

rH 

0  lA 

cn 

CVI 

m 

00 

00-:r  -d-  -d* 

CVI  VO 

irv  ov 

VO 

VO  CVI 

CJV 

rH 

iH 

rH 

rH  rH  rH  rH 

rH  rH 

rH  rH 

OJ  CVJ  00 

LA  VO 

VO 

CVI  VO 

lA 

lOV  f-  f-vo  4  00 
H  on  O  H  CVI  4 


t-vo  ION  VO  VO  CVI 
t-  Ov  onvo  on  o 

on  4  LTV  LTV  LTV  t— 


o  00 
00  00 

4  4 


CTvvo  0\  on 

VO  l/V  CVI  l/V 
H  H  00  H 


0000  <3vvo  004  onu^onon^-4  CTvo  t^4  04 
CVI  H  Hononononon4  mon44  04  li^vo  Ov 
HHHHHHHCVIHHHCVI40nHHCVICVI 


4  4  0- 
0-  CTv  li^ 
VO  on  H 


0-l/VOOlAlAOno-0-4t— 444  HCyWOVOVOHCVICVICVICJvCJvO-O-O-HHHH  H 
440H  HVOOOOOOOOOOOV04444  HOOOO-O-VOVOVOVOVOVOVO  VO 

CJVCJVO-lAlAOnononononHHHHHHHHHHHHOOOOOOOOO  o 


4  on  CVI  VO  VO  j-  un  icv4  i/vonononi/vHOOOooicvicvicvt— t— onononHHHH  H 
cvicvi4e^t—  cloooovovovoli^li^li^li^li^^nonononcvlcvlcvlcv!cvlcvlcvlcvlcvl  co 
ononCVIHHHHHHHOOOOOOOOOOOOOOOOOOOOO  o 

ooooooooooooooooooooooooooodooo  o 


l4VOC7vOHOnHCVIonC7VOn4U^VOOOHCVI40VCVILr^VOHCVI4^-HU^OVOCVI  on 

^iSOOOH  HHCVI  CVICVI  CVJ44444  l/Vl/Vl/VLfVVOVOVO[— t— O-t— OOOOOO  OVOV  O' 
HHHHHHHHHHrHHHHHHHHHHHHHHHHHHHHHH  H 
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TC  5-1  TC  5-2 


Temperatures  (^F)  Section  II _ 

TC  5-3  TC  5-4  TC  5-5  TC  5-7  TC  5-^ 


1K-3C- 

104 

1x1 

106 

xi8 

109 

x26 

no 

xx9 

111 

122 

113 

133 

121 

138 

122 

109 

139 

123 

114 

130 

141 

129 

146 

l*+3 

x45 

144 

i40 

145 

117 

130 

139 

ll+6 

3^2 

148 

334 

151 

253 

152 

148 

160 

x80 

154 

224 

159 

554 

162 

619 

165 

568 

l66 

318 

491 

596 

166 

703 

171 

761 

172 

366 

519 

17  it 

94i 

177 

85^ 

l8l 

636 

816 

185 

952 

189 

851 

190 

192 

879 

983 

193 

x2y 

114 

108 

114 

llU 

113 

113 

128 

137 

120 

i26 

120 

129 

139 

127 

x39 

149 

258 

172 

158 

3*+5 

294 

193 

546 

561 

551 

592 

428 

36x 

459 

526 

844 

699 

693 

600 

902 

965 

869 

?55 

T66 

802 

806 

1089 

1021 
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(C)  TABLE  3  (cont.) 
STEADY  STATE  TEMPERATURES  (U) 


V 

c,III 
Sect.  Ill 


Test 

uooxanx 

Flow  Rate 

'^c,IIl'^'^N 

Temperatures  (®F) 

.’set  ion  III 

No. 

(ib/sec) 

Sect.  Ill 

TC  3-1 

TC  3-2 

TC  3-3  TC  3-4 

1K-3C- 

IOI+ 

0.079 

10.02 

Il4 

126 

106 

0.078 

10.01 

121 

125 

109 

0.079 

10,02 

122 

125 

110 

0.080 

10.  Oi* 

122 

122 

111 

0.080 

10.  oi* 

119 

113 

0.080 

10.  oi* 

138 

121 

121 

0.080 

10.  oU 

Ikk 

129 

122 

0.080 

lO.Olt 

127 

128 

123 

0.079 

10.02 

130 

129 

0.080 

10.  OU 

143 

131 

lli3 

0.055 

7.15 

173 

166 

ll*U 

0.055 

7.15 

155 

II+5 

0.055 

7.15 

157 

135 

Ike 

0.070 

9.10 

157 

l4l 

ll*8 

0.062 

8.05 

268 

198 

151 

0.062 

8.05 

166 

152 

0.062 

8.05 

159  , 

136 

151+ 

0.062 

8.05 

193 

159 

0.0l»3 

5.58 

269 

162 

0.038 

I+.9U 

592 

165 

0.038 

k.9h 

789 

567 

180 

166 

0.038 

h,9k 

577 

168 

0.038 

h.9k 

554 

171 

0.038 

h.9h 

596 

172 

0.038 

h.9h 

296 

387 

171* 

0.038 

h.9h 

727 

\ 

177 

0.035 

1+.55 

754 

181 

0.035 

1*.55 

1021 

594 

185 

0.035 

k.55 

732 

189 

0.035 

k.55 

679 

190 

0.035 

1+.55 

192 

0.035 

1+.55 

193 

0.035 

1+.55 
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(C)  TABLE  3  (cont.) 


STEADY  STATE  TEMPERATURES  (U) 


Test 

Temperatures 

(^F)  Section 

III 

No.  TC  2-1 

TC  2-2 

TC  2-3 

TC  2-4 

TC  2-5 

TC  2-^ 

TC  2-7  TC  2^ 

IK-3C- 

101+ 

123 

97 

106 

129 

ll4 

109 

137 

129 

110 

124 

121 

111 

129 

124 

113 

142 

121 

139 

168 

122  100 

171 

131. 

97 

125 

110 

123 

217 

129 

i47 

198 

ll+3 

202 

332 

ll+4 

368 

181 

106 

149 

124 

145 

333 

l46 

151 

183 

14B 

213 

307 

151 

244 

159 

104 

151 

152 

231 

154 

175 

238 

159 

350 

831 

176 

162 

478 

1085 

198 

165  129 

433 

1022 

311 

133 

211 

166 

168 

482 

ll44 

212 

171 

511 

1158 

244 

172 

898 

242 

151 

239 

174 

497 

873 

270 

177 

478 

1125 

281 

181  159 

1213 

456 

162 

289 

185 

608 

1301 

264 

189 

579 

1246 

267 

190 

192 

525 

1267 

262 

193 

151 

124l 

461 

173 

312 
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(C)  TABLE  3  (cent.) 
STEADY  STATE  TEMPERATURES  (U) 


V 

c,IV 

Sect.  IV 


Coolant 

V  /w 

Temperatures 

(‘’P) 

Test 

Flow  Rates 

c,IV'  K 

Section  IV 

No. 

(ib/sec) 

Sect.  IV 

TC  1-1 

TC  1-2 

1K-3C- 

lOlt 

0.01*3 

8.6 

109 

no 

106 

0.0l*3 

8.6 

107 

106 

109 

o.oi*o 

8.0 

128 

108 

110 

o.oi*i* 

8.8 

105 

102 

111 

0.0l*5 

9.0 

108 

102 

113 

o.oi*6 

9.2 

120 

108 

121 

0.0l*6 

9.2 

112 

122 

0.0i*6 

9.2 

112 

;  23 

0.046 

9.2 

109 

129 

0.045 

9.0 

112 

lk3 

0.046 

9.2 

199 

ikk 

0.046 

9.2 

205 

11*5 

0.046 

9.2 

201 

ll*6 

0.046 

9.2 

101 

ll*8 

0.046 

9.2 

l4l 

151 

0.045 

9.0 

152 

152 

0.045 

9.0 

156 

15l» 

0.045 

9.0 

165 

159 

0.046 

9.2 

205 

162 

0.046 

9.2 

274 

165 

0.046 

9.2 

166 

0.046 

9.2 

168 

0.o45 

9.0 

208 

171 

0.o45 

9.0 

222 

172 

0.046 

9.2 

171* 

0.045 

9.0 

210 

177 

0.046 

9.2 

289 

181 

0.046 

9.2 

185 

0.030 

6.0 

377 

189 

0.016 

3.2 

370 

190 

0.016 

3.2 

297 

192 

0.016 

3.2 

193 

0.016 

3.2 
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(C;  TABLE  k 

INJECrCR  FLw'W  RrtlEa  AND  MIXTURE  RATIOS  (U) 


i Potter 

Pressure  Pressure  Meter) 
at  Ox  at  Fuel  Ox  Flow 
Test  Venturi  Venturi  Rate 


No. 

(psia) 

(psia) 

( Ib/sec 

1K-3C- 
104  551 

332 

0-314 

106 

546 

331 

109 

551 

331 

0.315 

110 

555 

332 

0.313 

111 

557 

336 

0.315 

113 

556 

328 

0  315 

121 

556 

328 

0„316 

122 

558 

338 

0 . 3)^6 

123 

556 

332 

0.313 

129 

553 

288 

0  312 

143 

560 

274 

0,316 

l44 

559 

277 

0.316 

145 

557 

275 

0-315 

l46 

563 

294 

0-315 

148 

562 

280 

0.31** 

559 

285 

0.292 

152 

557 

282 

0.,’06 

154 

556 

272 

C-3:4 

159 

560 

284 

C  317 

162 

556 

282 

0-316 

165 

556 

274 

C  317 

166 

559 

28  i 

C  .314 

168 

556 

286 

0  316 

171 

555 

279 

0. 317 

172 

559 

278 

0,319 

17i* 

555 

29** 

0-316 

177 

557 

279 

C.316 

:8i 

559 

284 

0-318 

185 

556 

286 

0-312 

189 

557 

274 

0314 

190 

558 

285 

192 

556 

270 

0-318 

193 

555 

274 

0 . 5i5 

<  Potter 

Meter)  (Venturi) 
fuei  Flow  Ox  Flow 
Rate  Rate 


( Venturi ) 
(Venturi)  Total 
Fuel  Flow  Injector 
Rate  Flow  Rate 


. lb /sec • 

( Ib/sec 

0  161 

0.327 

O-I65 

0.326 

0.165 

0-326 

0.165 

0,325 

0.165 

u  322 

G-  162 

0.3:i6 

0,  ic3 

0,327 

0  163 

0,325 

0.i63 

0  323 

0 . 15*4 

0-323 

0,150 

0-326 

u,  150 

0-327 

C  i,50 

0,326 

0  .52 

0,324 

0  15 1 

0  324 

0.  Oi 

0  325 

0-  „30 

0-324 

C  i49 

0,324 

C  152 

0-324 

0  152 

0 , 32x 

0  150 

0-  324 

0  51 

0  326 

0-1:. 

0  324 

0-  451 

0-324 

0  151 

0,325 

0  . 3  5 

•j  -  324 

0  i.5 1 

0-325 

0  x52 

0  326 

'4  .53 

0  325 

c  149 

0  325 

- 

0.325 

0  ±48 

0  325 

0.149 

0-324 

( ib/sec) 

(Ib/sec) 

0.164 

0,491 

0,164 

0,490 

0.164 

0,490 

0.164 

0.489 

0,165 

0,48t 

0,163 

0.489 

0.x63 

0.490 

0.165 

0,490 

0,164 

0.489 

0.153 

0.476 

0.149 

0.475 

0.150 

0.477 

0,149 

0.475 

0.155 

0.479 

0  150 

0.474 

0,152 

0.477 

0.x51 

0.475 

0,148 

0.472 

0,152 

0,476 

C-151 

0,475 

0  - 149 

0.473 

0.151 

0-477 

0-152 

0  476 

0-150 

0.474 

0150 

0,475 

0.155 

0-479 

0-150 

0.475 

0 ,  i52 

0.478 

0.152 

0.477 

C  149 

0.474 

0.152 

0.47T 

0,148 

0.473 

0-149 

0.473 
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Mixture 
Ratio 
(injector 
Venturis ) 


1.99 

1.99 

1.99 

1.98 

1.95 

2.00 

2,00 

1.97 

1.98 
2.11 
2.19 

2.18 

2.19 
2.09 

.  2.16 

2.14 

2.15 

2.19 

2.13 

2.15 

2.17 

2.16 

2.13 

2.16 

2.17 
2.09 

2.17 
2.15 

2.14 

2.18 

2.14 

2.20 

2.17 
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SECTION  II 

DATA  FROM  N^Oj^  TESTS  AT 
1000  PSIA  CHAMBER  PRESSURE 
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(C/  TABLE  5 


TEST  CONDiriGNS  (U) 


Test 

No. 

Thrust 

(lb( 

Chamber 

Pressure 

(psia.i 

Flow  Rate* 
Coolant 
( lb /sec . 

Injector 
Ixidizer 
rl-ow  Rate 
( lb/ 3“C  ; 

Injector 

Fuel 

Flow  Rate 
( Ib/sec) 

Total 

Propellant 
Flow  Rate 
( Ib/sec) 

1K-3C- 

198 

915 

958 

1-45 

2.52 

1.29 

5-26 

205 

917 

935 

00 

2,40 

1.20 

5-08 

207 

907 

926 

1.47 

2  51 

1-22 

5-20 

210 

9U1 

943 

1  -  57 

2-52 

1.22 

5.21 

211 

937 

942 

1-47 

2  53 

1-22 

5.22 

212 

936 

939 

1-47 

2  52 

■1.22 

5.21 

213 

933 

945 

1,47 

2,52 

1-21 

5.21 

— 

943 

946 

1-47 

2  52 

1-22 

5,22 

215 

948 

944 

1.47 

2.53 

1,22 

5.22 

216 

955 

942 

1,  47 

2  52 

i.,22 

5.22 

218 

944 

948 

1-48 

2,52 

1.22 

5.22 

219 

906 

925 

1-48 

2  54 

■I- 15 

5  16 

220 

950 

963 

i ,  u8 

2.53 

X.26 

5.26 

rZ)  Table  6 


rftESSJRE  DR.rS  cF. 


Test 

Chaimber 

Pressure 

Chamber 

r  ienum 

Pressure 

,  psia.' 

Pxate 

let  Pressure  Drop 

No. 

( tsia/ 

Sect  1  S 

ect  11 

3e  t-t  ill 

Sect  IV 

Sec:  I 

Sect  -  11 

Sect .III 

IK-3C 

193 

958 

1 198 

115’ 

1591 

1589 

240 

199 

859 

205 

935 

1206 

1259 

1”? 

:6’3 

271 

325 

1017 

207 

926 

1187 

1301 

I’n 

1688 

261 

375 

1022 

210 

943 

'199 

i2i8 

1809 

-7.-9 

257 

275 

1088 

211 

942 

1189 

1223 

I8i8 

1  ’C3 

246 

281 

1097 

212 

939 

1181 

1248 

x8i’ 

.-’.8 

242 

309 

1098 

213 

945 

1190 

122’ 

1852 

x’45 

21^5 

281 

1129 

214 

946 

1195 

1246 

iS’S 

1^’3 

249 

300 

1149 

215 

944 

-190 

.292 

.87'' 

x8l4 

2-^6 

347 

1155 

216 

942 

1194 

-254 

i9Cl 

x753 

252 

312 

li8l 

218 

948 

1191 

1230 

•883 

.’4. 

243 

282 

1I57 

919 

925 

1177 

:2i8 

i8'6 

,769 

252 

293 

il69 

220 

963 

1215 

1261 

-895 

i776 

252 

297 

xl59 

Page  236 


Overall 

Mixture 

Ratio 


3.07 

3.23 

3.26 

3.26 
3  27 

3.27 
3-28 
3-27 
3-29 
3-27 
3-28 
3.50 
3-19 


Ipsid) 
Sect . IV 


1277 

1369 

1386 

1411 
1401 

1412 
1437 

1466 
1506 
1450 
1432 

1467 
1462 
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(C)  TABLE  7 


STEADY  STATE  TEMPERATURES  (U) 


Sect.  I 


Test 

Coolant 
Flow  Rate 

V  /w 

c,l'  N 

Duration 

Temneratures  (®F) 

Section 

I 

No. 

(ib/sec) 

Sect.  I 

(sec) 

TC  9- 

•1  TC  9-2 

TC  9-3 

TC  8-1 

TC  8-2 

1K-3C- 

198 

0.599 

2.07 

0.51 

372 

2U9 

391 

321* 

1*30 

205 

0.599 

2.07 

5.37 

- 

1189 

987 

867 

1*06 

207 

0.595 

2.06 

5.0 

- 

- 

879 

- 

2"0 

0.59h 

2.06 

32.6 

1183 

lUlt2 

111*8 

390 

878 

211 

0.595 

2.06 

15.5 

1032 

1373 

1056 

399 

1058 

212 

0.595 

2.06 

29.1 

787 

286 

1172 

399 

1012 

213 

O.59I* 

2.06 

21.7 

lOOU 

1356 

837 

1*19 

101*1* 

21I* 

0.596 

2,06 

23.7 

1212 

llt48 

851* 

1*05 

990 

215 

0.596 

2.06 

3k.9 

1318 

1569 

965 

1*07 

1001 

216 

0.596 

2.06 

102.8 

li*77 

161*9 

1137 

399 

1158 

218 

0.597 

2.07 

101.3 

986 

306 

1172 

1*16 

923 

219 

0.598 

2.07 

31.3 

797 

291 

1297 

31*5 

9llt 

220 

0.597 

2.07 

31.0 

1035 

318 

1258 

1*25 

91*2 
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w 

c,III 
Sect.  Ill 


Test 

Coolant 
Flow  Rate 

w  /w 

c.IIl'  N 

Temperature  (®F) 

Section 

III 

No. 

(ib/sec) 

Sect.  Ill 

TC  2-1  TC  2-2 

TC  2-U 

TC  2-5 

TC  2-6  TC  2-8  TC  3-3 

1K-3C- 

198 

O.2UU 

2.66 

712 

U5I+ 

1+1+5 

205 

0.273 

2.97 

807 

- 

- 

62U 

- 

873 

207 

0.272 

2.96 

292 

999 

3UO 

655 

U16 

1031+ 

ao 

0.272 

2.96 

815 

- 

- 

58U 

- 

862 

211 

0.272 

2.96 

809 

- 

- 

555 

- 

938 

212 

0.272 

2.96 

838 

- 

- 

603 

- 

961 

213 

0.272 

2.96 

766 

- 

- 

571 

- 

963 

214 

0.273 

2.97 

760 

- 

- 

656 

- 

991+ 

215 

0.273 

2.97 

783 

- 

- 

73U 

- 

1072 

216 

0.273 

2.97 

731 

- 

- 

578 

* 

1081+ 

218 

0.273 

2.97 

72U 

- 

- 

689 

U61 

1021 

219 

C.273 

2.97 

55h 

- 

- 

630 

521 

910 

220 

0.273 

2.97 

638 

- 

- 

679 

528 

1101+ 

Test 

w  Tir 

c,IV 

Sect.  IV 
Coolant 

Flow  Rate 

w  /w 

c,iv'  N 

Temperature  (°F)  Section  IV 

No. 

(ib/sec) 

Sect.  IV 

TC  1-2 

1_K-3C- 

198 

0.0857 

1.10 

71+5 

205 

0.0857 

1.10 

1089 

207 

0.0855 

1.10 

- 

210 

0.0855 

1.10 

1018 

211 

0.0855 

1.10 

1031 

212 

0.0855 

1.10 

1056 

213 

0.0853 

1.09 

981 

21 1+ 

0.0856 

1.10 

1009 

215 

0.0856 

1.10 

973 

216 

0.0856 

1.10 

1066 

218 

0.0856 

1.10 

- 

219 

0.0858 

1.10 

- 

220 

0.0856 

1.10 

- 
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100  PSIA  CHAMBER  PRESSURE 
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TEST  CONDITIONS  (U) 


113  111  il*7  122  199  107  35  11  70 

llU  112  lU8  123  196  138  37  11  111  101 
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(C;  TABLS  15 

STEADY  STATE  TEMPERATURES  (U) 


-  r 
- » ** 


S^ct  I 


Test 

Nj,. 

C.oolant 
Flow  Rate 
lb/ sec ) 

r  W„ 

C  ,I  N 

Sect  I 

Duration 
>'  se :  J 

1K-3D- 

116 

117 

118 

Test 

Ho.. 

C.837 

0.898 

O..922 

''1,1.': 

Sec*: ,  II 
looiant 
Flow  Rate 
'  4.b .  se: ' 

1.74 

1.87 

1.92 

Sect.  TI 

1.35 

2.29 

2  44 

1K-3D- 

lie 

C  763 

1,63 

117 

0.820 

1.76 

118 

0,841 

l-8l 

Test 

S?:t,  III 
Ccoiant 

Flow  Fats 

'^c,III''''n 

He- 

'It  sec. 

Sect  III 

1K-3D- 

116 

0  310 

2.95 

117 

0  333 

3  17 

118 

0  3'-* I 

3,  25 

Test 

H:, 

w 

c,IV 

Sect  IV 
Ccoiant 

Flow  Rate 
'  lb  .'sec  • 

":,IV'\ 

Sect  IV 

1K-3D- 

116 

0  07 

l.OU 

117 

G.  076 

1,11 

118 

0  078 

1,  14 

Temperatures  (^-^F)  Section  I 
TC  9-2  TC  8-l~ 


400  320 
340  320 
275  310 


Temperatures  ( -F)  Section  II 


TC  4-1 

TC  4-: 

2  TC  4-4 

TC  4-6 

TC 

920 

620 

620 

800 

290 

615 

600 

540 

94o 

600 

600 

495 

190 

Temperatures  i 'F)  Section  III 


TC  2-3 

TC 

530 

910 

530 

960 

530 

795 

Temperatures  ! -P)  Section  IV 
TC  1-1  TC  i-2 


892  1052 
7^9  1077 
733  943 
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SECTIOK  V 

DATA  FROM  PHASE  II  CIF^ 

TESTS  AT  1000  PSIA  CHAMBER  PRESSURE 
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(2)  Data  taken  during  coolant  lead  time  before  firing.  Chamber  pressure  is  atmospheric  pressure 
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larmatlon  In  tha  paragraph,  rapraaaniad  aa  ITH  tl)  rci  or  rV| 

Tbara  la  na  llmliatlan  on  tha  langil.  al  Iha  abairaci  Haw- 


angil.  al  ir 

avar,  tha  auggaatad  langth  la  Iram  1 10  la  1  waida. 

14  EEY  WORDS:  Bay  warda  ara  I'rchrically  maaninglul  tarma 
or  ahart  phrnaaa  that  characiartaa  a  rapan  and  may  ba  uaad  aa 
Indao  antrtaa  lar  caialaging  tha  rapart  Ray  warda  muat  IM 
aalactad  aa  that  na  aaeurlty  claaaincailan  la  ragulrad  Idaatl- 
llara.  auch  aa  agulpmani  modal  daalviatlan,  tinda  nama,  military 
prajaci  coda  nama.  gaagraphic  lacallan.  may  ba  uaad  aa  hay 
warda  but  will  ba  loTlawad  by  an  Indicallan  al  tachnical  can- 
taal.  Tba  aaalgnmani  at  linka.  rulaa.  and  walghia  la  apilanal  1 
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AEROJET  -  GENERAL  CORPORATION 


PROPULSION  DIVISION 


24  February  1969 


9601:0900 


To:  Recipient  of  Technical  Report  AFRPL-TR-6 7-198 

Entitled,  "Demonstration  of  an  Advanced  Trans¬ 
piration-Cooled  Thrust  Chamber"  (u) 


Gentlemen: 


The  above  final  report  was  forwarded  to  you  on  or  about  31  October  1967 
in  accordance  with  the  distribution  list  supplied  under  cognizant  Govern¬ 
ment  contract. 

The  United  States  Patent  Office  recently  imposed  a  Secrecy  Order  upon  a 
patent  application  having  to  do  with  the  Transpire  concept.  The  above 
referenced  technical  report  consequently  is  subject  to  the  patent  secrecy 
order. 

By  terms  of  the  Secrecy  Order  you  are  prohibited  from  disclosing  or 
publishing  the  subject  matter  of  this  Invention  or  any  information  re¬ 
lating  thereto,  in  any  way  to  any  person  not  previously  cognizant  of 
the  invention  except  by  first  obtaining  written  consent  of  the  Commis¬ 
sioner  of  Patents.  The  secrecy  Order  has  been  modified  by  a  Permit 
which  permits  disclosure  under  certain  conditions  to  Government  employees, 
their  designees,  or  persons  employed  by  or  working  with  Aerojet  whose 
duties  involve  development,  manufacture^  or  use  of  the  subject  matter  of 
this  patent  application,  by  or  tor  the  U.  S-  Government,  provided  such 
persons  are  also  advised  of  the  Secrecy  Order- 

Enclosed  is  a  copy  of  a  United  States  Patent  Oifice  Secrecy  Order  Notice. 
A  copy  of  '.c  .s  notice  should  be  affixed  to  the  cover  page  of  any  publica¬ 
tion  or  t'^  :  iilcal  data  in  your  possession  which  relates  to  the  subject 
patent  application.  Also,  you  should  notify  any  persons  to  whom  you  have 
given  information  relating  to  the  subject  patent  application  that  the 
Secrecy  Order  has  been  issued  and  provide  them  with  a  copy  of  the  Patent 
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Office  Secrecy  Order  Notice.  Although  there  are  no  express  handling 
provisions  provided  with  regard  to  material  under  a  Patent  Office  Secrecy 
Order,  we  ask  that  you  safeguard  it  in  the  same  manner  as  information 
classified  "confidential."  If  you  are  not  equipped  to  provide  such  safe¬ 
guards,  please  return  the  publication  to  us,  double-wrapped  similar  to 
classified  material. 

Your  cooperation  in  fulfilling  the  obligation  imposed  by  the  Secrecy 
Order  is  essential.  The  law,  35  USC  186,  provides  criminal  penalties 
for  violation  of  a  Secrecy  Order  up  to  a  $10,000  fine  or  imprisonment 
for  not  more  than  two  years,  or  both. 

Very  truly  yours, 

^  C.  - 

W.  G.  Dallas,  Manager 
Thrust  Chambers 
Engineering  Contracts 
Liquid  Rocket  Operations 

Enclosure: 

(1)  Secrecy  Order  Notice 


Technical  Report  AFFtPL-TR-67-198  Entitled,  "Demonstration  of  an 
Advanced  Transpiration-Cooled  Thrust  Chamber"  (u) 


United  States  Patent  Office  Secrecy  Order 


- NOTICE - 

The  Aerojet-General  Corporation  has  filed  patent  applications  in  the  U.  S.  Patent  Office  to 
cover  inventions  disclosed  in  this  publication,  and  the  Commissioner  of  Patents  has  issued  n 
secrecy  order  thereon. 

Compliance  with  the  provisions  of  this  secrecy  order  requires  that  those  who  receive  a 
disclosure  of  the  secret  subject  matter  be  informed  of  the  existence  of  the  secrecy  order  and  of 
the  penalties  for  the  violation  thereof. 

The  recipient  of  this  report  is  accordingly  advised  that  this  publication  includes  information 
which  is  now  under  a  secrecy  order.  It  is  requested  that  he  notify  all  persons  who  will  have  access 
to  this  material  of  the  secrecy  order. 

Each  secrecy  order  provides  that  any  person  who  has  received  a  disclosure  of  the  subject 
matter  covered  by  the  secrecy  order  is 

"in  nowise  to  publish  or  disclose  the  invention  or  any  material  information 
with  respect  thereto,  including  hitherto  unpublished  details  of  the  subject 
matter  of  said  application,  in  any  way  to  any  person  not  cognizant  of  the 
invention  prior  to  the  date  of  the  order,  including  any  employee  of  the  prin- 
cipals,  but  to  keep  the  same  secret  except  by  written  permission  first  obtained 
of  the  Commissioner  of  Patents." 

Although  the  origint  1  secrecy  order  forbids  disclosure  of  the  material  to  persons  nut  cognizant 
of  the  invention  prior  to  the  date  of  the  order,  a  supplemental  permit  aluched  to  each  order  does 
permit  such  disclosure  to: 

“(a)  Any  officer  or  employee  of  any  department,  independent  agency,  or  bureau 
of  the  Government  of  the  United  Sates. 

"(b)  Any  person  designated  specifically  by  the  head  of  any  department:  inde- 
■  pendent  agency  or  bureau  of  the  Government  of  the  United  Stales,  or  by 
his  duly  authorized  subordinate,  as  a  proper  individual  to  receive  the 
disclosure  of  the  above  indicated  application  for  use  in  the  prosecution 
of  the  war. 

"The  principals  under  the  secrecy  are  further  authorized  to  diKlose  the 
subject  matter  of  this  application  to  the  minimum  necessary  number  of  persons 
of  known  loyalty  and  diKrelion,  employed  by  or  working  with  the  principals 
or  their  licensees  and  whose  duties  involve  cooperation  in  the  development, 
manufacture  or  use  of  the  subject  mailer  by  or  for  the  Government  of  the 
United  States,  provided  such  persons  are  advised  of  the  issuance  of  the 
secrecy  order." 

No  other  disclosures  are  authorized,  without  written  permission  from  the  Commissioner  of 
Patents.  Public. Law  No.  239,  77th  Congress,  provides  that  whoever  shall  "willfully  publish  or 
diKlose  or  authorize  or  cauM  to  be  published  or  disclosed  such  invention,  or  any  material 
information  with  respect  thereto,"  which  is  under  a  Mcrecy  order,  "shall,  upon  conviction,  be 
fined  not  more  than  $10,000  or  imprisoned  for  not  niore  than  two  years  or  both."  In  addition. 
Public  Law  No.  700,  76th  Congress,  provides  that  t'  :  invention  in  a  patent  may  be  held  aban- 
doi:.;d,  if  it  be  established  chat  there  has  been  a  disclosure  in  violation  of  the  Mcrecy  order. 

It  must  be  understood  that  the  requirements  of  the  Mcrecy  order  of  the  Commissioner  of 
r’atenta  are  in  addition  to  the  usual  security  regulations  which  are  in  force  with  respect  to 
activities  of  the  Aerojet-General  Corporation.  T'  ~  usual  Mcurity  regulations  must  atill  k 
observed  notwithstanding  anything  Kt  forth  in  the  Ktrecy  order  of  the  Commissioner  of  Patents. 


